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ABSTRACT OF THE DISSERTATION
Disentangling Glial Diversity in Peripheral Nerves at Single Nuclei Resolution
by
Aldrin Kay-Yuen Yim
Doctor of Philosophy in Biology and Biomedical Sciences
Computational and Systems Biology
Washington University in St. Louis, 2021
Professor Jeffrey Milbrandt, Chair

The ability to discern gene expression at single cell level is revolutionizing our
understanding of both basic biology and human health. Peripheral nerves are essential
communicators between the outside world and the CNS, as evidenced by the devastating effects
of diseases that disrupt them, such as ALS, Charcot-Marie-Tooth Syndrome and diabetic
neuropathy. Understanding peripheral nerve dysfunction at a mechanistic level is of
considerable interest due to the increasing prevalence and associated patient care costs of these
disorders. Although most research of the peripheral nerve has focused on glial-axonal
interactions, the important contributions of other cell types besides Schwann cells, such as
fibroblasts and immune cells, are increasingly appreciated. This more comprehensive focus on
the cellular components of peripheral nerve stimulated a number of studies using single cell
sequencing approaches for cell characterization. While interesting information has been
gleaned from these efforts, they all largely failed to identify myelinating Schwann cells in their
samples due to extreme capture bias secondary to their complex morphology and the close
apposition of these glial cells to the axon. For my dissertation, I set out to generate a
comprehensive single nuclei atlas of peripheral nerves with the hope to unbiasedly characterize

xiii

the glial population and to understand how glia contributes to the homeostasis of peripheral
nerves. My work began with the development of a fluorescent-activated cell sorting (FACS)based nuclei isolation approach to avoid issues with capture bias, and to allow an examination
of the potential diversity of peripheral glia and other cell types across multiple types of
peripheral nerves. Our atlases highlight over 20 cell types in mouse sciatic, peroneal, sural and
vagus nerves and show that Schwann cell, as the principal glia, are consistently the
predominant cell type across all nerves. In-depth analysis of the immune populations at single
cell level has revealed two PNS macrophage populations with unique microglia signatures. I
next performed extensive transcriptional characterization of PNS macrophages and showed
that, through comparative analytics with CNS diseased microglia data, PNS macrophages
constitutively expressed gene previously identified to be upregulated by activated microglia
during aging, neurodegeneration, or loss of Sall1. Interestingly, myelinating Schwann cell is
the source of IL-34 which is required for the maintenance of PNS macrophages in peripheral
nerves. Finally, through the peripheral nerve atlases, I identified multiple Schwann cell subpopulations, including two non-myelinating and four myelinating subtypes. Specifically, a
distinct myelinating Schwann cell subtype that expresses Cldn14, Adamtsl1 and Pmp2 exhibits
unique transcriptional signature with high NAD and pyruvate metabolisms, and preferentially
ensheath large motor axons that innervate fast twitch muscle fiber. The number of these motorassociated, Pmp2+ SCs is significantly reduced in motor neuropathy models and human ALS
nerve samples. Collectively, these findings reveal the diversity of SCs and other cell types in
peripheral nerve and serve as a reference for future studies of nerve biology and disease.

xiv

1. Introduction
1.1 Schwann cell and peripheral nerves
During early vertebrate development process, neural crest cells delaminate from the
dorsal most region of the neural tube and disperse throughout the embryo to give rise to a
remarkable variety of cell types including cardiac cells, melanocytes, skeletal and connective
tissue components of the head, neurons and glia of the peripheral nervous system (PNS)1,2.
Peripheral glia includes predominantly myelinating (mSCs) and non-myelinating Schwann
cells (nmSCs) in PNS in addition to satellite glia at dorsal root ganglia (DRG), terminal glia at
neuromuscular junction (NMJ), enteric glia in guts as well as other unclassified subtypes with
localized functions (Fig. 1). Classification of glia types remains archaic – mostly depending on
the cell morphologies and spatial locations, and the overlapping molecular signatures of
different peripheral glia along the developmental process also hinders more precise glia subclassification.

Schwann cells (SCs) development requires axonal presence. The observations that SCP
present in the peripheral nerve at E12-13 in mouse, and the SCP would not survive when they
are deprived of axonal contact by dissociation, suggest that the development of SCs requires
axon-derived signals3. Interestingly, peripheral nerve axons are also classified into different
types base on their functional roles, size distribution and speed of conduction. Specifically,
nerve axons span across motor, sensory and autonomic systems and can be further classified
as Group A, B and C fibers: (1) Group A fibers are myelinated somatic efferent and afferent
fibers, 1 to 20μm in diameter and they conduct at a rate of 5 to 120 meters per second, (2)
Group B fibers are myelinated efferent preganglionic autonomic fibers, 1 to 3μm in diameter

1

Figure 1. Overview of glial specification and maturation in the PNS during
embryogenesis and early postnatal development. SCPs: Schwann cell precursors, BCCs:
boundary cap cells, SCs: Schwann cells, NMJ: neuromuscular junction. (Adopted from Kastriti
et al., 2017)

2

and they conduct at 3 to 15 meters per second, (3) Group C fibers are non-myelinated efferent
postganglionic autonomic fibers, 0.5 to 2μm in diameter and they conduct at 0.5 to 2 meters
per second. All motor axons belong to Group A fibers, with more detailed Erlanger-Gasser
classification of Aa, Ab and Ag type; sensory axons span across both Group A and C fibers
and autonomic fibers contains both Group B and C fibers. As these axons require metabolic
support to maintain the axonal integrity and functions, this prompts us to speculate if there
could be specific SC-subtypes to support the metabolic requirements of different axons.

As Schwann cell precursors (SCPs) come into contact with axons, they further
differentiate into immature Schwann cells (imSCs) and undergo the morphogenic process that
involves axon sorting and ensheathment – radial sorting. This process involves multiple key
stages, including: (i) deposition of the basal lamina and formation of SC-axon group, (ii)
recognition of large caliber axons, (iii) radial segregation of large axons to the periphery and
(iv) formation of remak bundles with small caliber axons4. Each mSCs can only wrap around
one axon at one time and hence it is an “expensive” operation for fast signal transduction. The
myelination process begins when the axon first indents the side of a SC. The axonal membranebound ligand neuregulin-1 (NRG1) type III isoform will interact with the ErbB receptors on
SC to begin the formation of myelin5 (Fig. 2). Taveggia et al. has also shown that the level of
NRG1 type III on axon, rather than axon diameter per se, is the key instructive signal for
myelination6. As the axon sinks farther into the SC, the external plasma membrane of the SC
forms a mesaxon, which suspends the axon with the SC. Subsequently, the SC rotates on the
axon so that the plasma membrane starts spiraling the axon. As the wrapping matures, the
cytoplasm between the layers of the cell membrane disappears, leaving cytoplasm near the
surface and in the region of the nucleus.

3

Figure 2. A myelinated nerve fiber in the peripheral nervous system. A, B, C and D are
cross-sections showing the stages in the formation of the myelin; E is the longitudinal section
of a mature myelinated nerve fiber showing a node of Ranvier. (Adopted from Clinical
Neuroanatomy 7th Edition by Richard Snell)
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The thickness of the myelin varies across axons, while some are surrounded by only a few turns
of SC membranes, others can go up as many as 50 turns.

In between two mSCs is the node of Ranvier, where the myelin sheaths become thinner
by reduction of lamellae (Fig. 3). The node of Ranvier enables saltatory conduction in axons,
and it consist of three domains: (1) the node that is surrounded by SC microvilli, (2) the
paranode that is characterized by the presence of axoglial septate-like junctions and (3) the
juxtaparanode that is located within the myelin loops and serves as the boundary between the
internodal space and axon. Each of these domains has a distinct molecular architecture and can
be labeled distinctively using antibodies. The node of Ranvier is heavily armed with ion
channels, adhesion proteins, signal transduction proteins and cytoskeletal and structural
proteins, and a spectrum of demyelinating polyneuropathies are shown to be related to the
malfunctioning of node of Ranvier7. Recent study also shows that there exists heterogeneity in
length of node of Ranvier in optic nerve, corpus callosum and the cerebral cortex of rat8,
however the differences in terms of underlying structural protein and cell composition remains
unclear.

In contrast to mSCs, nmSCs ensheath much smaller fibers, usually in the range of 0.115μm and do not maintain a 1:1 ratio with axons. As many as 15 or more axons may share a
single nmSC, forming the specific structure Remak bundles. To make things more complicated,
along individual nerve fibers some regions can be myelinated and others non-myelinated. The
non-myelinated regions are usually specialized and are positioned at the tip of both ends of the
axons, and occasionally in aged animals an unmyelinated fiber is found with one or more short,
myelinated internodes along its course.

5

Figure 3. Molecular anatomy of the node of Ranvier. Different proteins are specifically
localizing at the node, paranode and juxtaparanode region of the node of Ranvier. (Adopted
from Stathopoulos et al., 2015)

6

Numerous experiments have suggested that SCs could be further defined based on the
molecular signatures. Specifically, there are hypotheses that SCs can display motor and sensory
phenotypes, which is likely arisen from the type of axons they are ensheathing. Upon nerve
injury and during the regeneration process, motor axon tends to regenerate down the motor
pathway when given equal access to motor and sensory pathways9–12; sensory axons also
preferentially regenerate along the sensory pathway13. After ruling out other hypotheses
including end-organ chemoattraction, the authors suggested that the preferential regeneration
process is influenced by the motor and sensory SC subtypes. In 2012, Jesuraj et al. aimed to
identify phenotypic markers from SCs harvested from the cutaneous (sensory) and quadriceps
(motor) branches of the rat femoral nerve through transcriptional profiling using the Affymetrix
Gene Chips14. However, they have made the assumption that the whole nerve is dominated by
SCs, and total RNA was extracted from homogenized nerves instead of SCs specifically. To
date, no marker gene could be found to label specifically a motor/sensory-SC through
immunostaining or RNA fluorescence in-situ hybridization.

1.2 Glial role in maintaining nerve homeostasis
Given that peripheral nerves such as sciatic nerve can be up to 3 feet or more in length
and axons are frequently 20,000 times the size of the motor or sensory neuronal cell body, the
support of axonal functionality imposes a unique challenge in PNS. SC, as the principal PNS
glia, has an indispensable role in maintaining neuronal growth, structure, function, survival and
regeneration upon injury. Aberrant SC metabolisms, including lipid metabolisms15 or
mitochondrial dysfunctions16, would lead to progressive degeneration of axons in the
peripheral nerves and hence give rise to peripheral neuropathy.

7

Maintaining homeostasis in peripheral nerves is a unique challenge in PNS due to the
extreme length of the axons, their large surface area, and the substantial energy demands of
nerve impulse conduction. While there are seemingly simple morphological differences in PNS
glia – myelinating vs non-myelinating, damages and stress targeting specifically SCs can give
rise to a wide spectrum of peripheral neuropathies (PN). Peripheral neuropathy, with over 100
types, affects an estimated 20 million people in U.S. and half a billion people worldwide. While
there are hereditary types such as Charcot-Marie-Tooth (CMT) diseases, majority of cases are
associated with metabolic disorders (diabetes), autoimmune diseases (chronic inflammatory
demyelinating polyneuropathy CIDP), chemotherapy-induced neuropathy or infections (HIV).
The genetic associations of these diseases have been formerly uncovered by numerous genomewide association studies (GWAS), yet the genetic basis of the spectrum of peripheral
neuropathy could not be converged onto common, actionable genes that could be confidently
used for accurate experimental modeling. With 80+ non-overlapping disease-associated loci
identified across 10 different peripheral neuropathy GWAS, as well as thousands of pathogenic
variants related to peripheral neuropathy accumulated in ClinVar, connecting the genomic
results to the cellular identities will be crucial in understanding the genesis of these disease
conditions.

Peripheral nerves contain numerous cell types that play important homeostatic
functions in nerve health and disease. Although SCs are the predominant cell type in nerves,
other cells, including endoneurial fibroblasts and immune cells, are also critical for nerve
development and pathology. Interestingly, SCs also plays important role in immune response
in peripheral nerves. In post-traumatic conditions, SCs could serve as antigen-presenting cells
by expressing MHC Class II (MHC-II) and activate T helper cells for downstream immune
response. Conditional deletion of MHC-II β-chain from mSCs will result in reduction of
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intraneural CD4+ T cells17. SCs are also thought to regulate the inflammatory response in
peripheral nerves by recruiting infiltrating monocytes. Specifically, Allard et al has shown that
SC-derived periostin promotes autoimmune peripheral neuropathy via macrophage
recruitment18. However, to date, it remains unclear how macrophages are being seeded in the
peripheral nerves during development, and whether SCs have a direct role in orchestrating the
seeding process of macrophages. Understanding SC’s contribution in neuroinflammatory
response could give important therapeutic insights to many inflammatory neuropathies such as
Chronic inflammatory demyelinating polyneuropathy (CIDP) and Guillain-Barre syndrome
(GBS).

1.3 The current limitation in uncovering the complex cell type
composition of peripheral nerve
In both the PNS and CNS, glia are required for proper signal transduction along axons,
and for metabolic support16,19,20. Other cellular components of the nerve have received less
attention, but nevertheless play important roles in nerve function. Nerve fibroblasts form
connective tissue layers that maintain the structural integrity of the nerve, and also play a key
role in preserving nerve environment homeostasis18. Interactions between the various
components are critical for nerve development and regeneration: , for example, SC signals are
required for proper development of the perineural sheath22,23and for establishing specific
environments for regenerating motor and sensory fibers after nerve injury9–12. The resident
immune cells are important in regeneration after nerve injury24,25. Genetic and anatomic studies
of the peripheral nerve in health and disease have provided detailed information regarding
many of cells within the nerve, however the variety of cell types of vastly differing
morphologies has made characterization of these populations difficult using conventional
transcriptional profiling analysis13,14.
9

While the localization and geometry of SCs enable these cells to perform indispensable
functions, these properties also prevent the use of conventional techniques for single cell
transcriptional characterization, because SCs cannot be easily separated from axons. Indeed,
recent single-cell RNA-seq (scRNA-seq) experiments in mouse sciatic nerves have found
limited numbers of mSCs26–29; and other single-cell RNA-seq experiments have likewise
identified very small numbers of SCs in whole organs including heart30 and pancreas31. Since
anatomic studies clearly demonstrate that SCs are the predominant cell type within peripheral
nerve32, these findings suggest that inconsistent cell capture of SCs in conventional single cell
RNA-seq experiments result in their underrepresentation. The recent development of single
nuclei RNA-seq (snRNA-seq) has helped eliminate cell capture biases33–35. Given the complex
structure of SCs, we reasoned that a single nuclei RNA-seq approach could be used to analyse
transcriptomes of these cells.

1.4 Transcriptional profiling of single cell in tissues
The single cell technologies have revolutionized our understanding in biology. By
profiling the genome36, transcriptome37 or epigenome38 of individual cell, researchers are able
to reveal stunning diversity of seemingly homogeneous cell populations at unprecedented
scale, and to understand the biology underneath from a systematic perspective39–41. Since the
first publication on single cell sequencing in 200942, numerous approaches were developed
aiming to scale up the number of cells per experiment, retain high sensitivity in transcript
detection and reduce the capturing cost per cell at the same time43.

Single-cell RNA-seq technology can be divided into two categories based on the way
on how the platform isolate cells44,45: (1) physical compartment and (2) virtual compartment.
For physical compartmentation, platforms like Fluidigm C1, microwell and FACS-seq isolate
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cells at individual chamber (well) and begin the downstream imaging, cell lysis, and library
preparatory process. Another version of physical compartmentation is droplet-based, where
microfluidic devices are used to generate droplets, cells are captured inside the droplets with
lysis buffer and oligo-dT probes with cellular barcodes and unique molecular identifier (UMI).
Droplet-based approaches are relatively easy to scale up, and to date the three most widely used
droplet-based approaches are Drop-seq46, InDrop from 1CellBio and 10X genomics. I have
previously demonstrated by using Drop-seq platform, our lab was able to capture the
oligodendrocytes from mouse brain and discern the transcriptional differences upon acute
morphine treatment47. While Drop-seq is a powerful and easy to set-up single cell RNAsequencing platform, the low cell capture rate (5%) makes it difficult to apply on small tissue
and rare cell types. For InDrop, it has the highest encapsulation rate (90%), and the tradeoff is
to use a very slow flow rate of hydrogel beads (50ul/hour, comparing to Drop-seq 4000ul/hour;
which contains the oligo-dT with cellular barcode and UMI) and the experiment takes a few
hours to complete. This may result in altered cell states during the experiments. The cell capture
rate of 10X genomics single cell RNA-seq platform is about 40-50%, and the cell encapsulation
process takes less than 10 minutes for a maximum of 10,000 cells per reaction.

For virtual compartmentation, the key is to generate a 2-tier combinatorial indexing
strategy48. Cells are first fixed and permeabilized with methanol, then distributed across 96 or
384-well plates. The 1st molecular index is introduced to the mRNA of the cells within each
well through in situ reverse transcription (RT). All cells are then pooled and redistributed by
FAC sorting to another 96 or 384-well plates, follow by second-strand synthesis, tagmentation
with Tn5 transposases, lysis and PCR amplification with the 2nd molecular index. Through this
approach, Cao et al. has published the single cell RNA-seq dataset of 50k cells from the
Caenorhabditis elegans larval stage.

11

1.5 Pilot experiment to assess the feasibility to profile Schwann
cell transcriptome through single nuclei RNA-seq
In approaching single cell transcriptome profiling in peripheral glia, I first intended to
profile the cells in PNS through single cell RNA-seq platforms such as Drop-seq and 10Xgenomics. However, difficulties arise due to the cell dissociation issue and cell capture
efficiency of the single cell RNA-seq platforms. There are numerous factors affecting the
dissociation efficiency, i.e. cell morphologies, spatial orientation of cells in tissues and
scarcities etc. When putting nervous system in the context of single cell profiling, one can
expect the glial cell type is perhaps one of the most difficult cell types to be dissociated given
their nature. Neuroglia such as mSCs can choose to ensheath one large caliber axon at a time,
or to form Remak bundles with multiple thin caliber axons. This myelinating feature imposes
two major obstacles in single cell sequencing, (1) difficult to be dissociated from the tissue and
(2) the insulation sheath gives a protection against the lysis buffer, making it almost impossible
to be captured by single cell sequencing platforms.

I hypothesize that by extracting nuclei from cells and perform single nuclei sequencing,
one will be able to bypass the dissociation and cell capture efficiency issues that I have in the
single cell RNA-seq experiments. Yet, given the size of nuclei (~10um in diameter) is 10 times
smaller than a regular cell – SCs are elongated in shape and cover about 100um of an axon,
bridging the technological barrier in cell capturing may not be trivial. Also, cell nucleus retains
only a minor portion of mRNA compare to the cytosolic compartment and contains mostly premRNA which contains introns and long non-coding RNA (lncRNA). There are a handful of
papers showing the data quality of single nuclei RNA-seq so far and those are promising, for
instance Habib et al. has developed DroNc-seq and sequence 39k nuclei profiling the human
12

and mouse brain, Krishnaswami et al. has sequenced 3,227 nuclei profiling the transcriptome
of postmortem neurons, and Cao et al. also demonstrated that the sci-RNA-seq approach is also
applicable on nuclei sequencing with 175 nuclei sequenced, and Sathyamurthy et al. has 17k
nuclei isolated from mouse spinal cord.

Therefore, I have performed a pilot experiment to assess whether it is feasible to profile the
RNA content in SC nuclei. As regular nuclei staining dyes have shown inconsistency in
intensity across batch and time which could affect gating conditions during FACS analysis, to
begin, I have generated a Sun1GFP/+;MPZ-Cre+ mice. These mice express Cre recombinase
starting in immature SCs, which permits expression of Sun1-GFP fusion protein. SUN1 is an
inner nuclear envelope protein, and these mice label the nuclei of all SCs with GFP. From the
longitudinal section of the sciatic and vagus nerve obtained from a Sun1GFP/+:MPZ-Cre+
mouse, the nuclei of the SCs (with an elongated morphology as signature) are both GFP and
DAPI positive (Fig. 4). To test whether I could perform single nuclei transcriptional profiling,
I further isolated the nuclei from sciatic nerves and sorted the nuclei into individual well of 96well plates for FACS-based single nuclei RNA-seq. A total of 175 nuclei were sequenced and
contained over 50k uniquely mapped reads. Apart from Mpz, I also observed expression of
Pmp22 and Mbp, which are canonical SC markers49 (Figure 8). nmSC markers such as Ngfr
and Entpd2 were sparsely expressing within the 175 nuclei; bimodal distribution was also
observed in other known SC markers. This experiment clearly demonstrates that it is feasible
to profile the transcriptional signature of SCs using single nuclei RNA-seq.
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Figure 4. Longitudinal section of (a) sciatic nerve and (b) vagus nerve of
Sun1GFP/+:MPZ-Cre+ mouse. Nuclei are stained with DAPI (Blue) and MPZ-expressing
nuclei are in green. (c) FACS-seq results shown in scatterplot. Each dot represents the
corresponding expression level of that gene for one nucleus, and the 4 color indicates 4 different
96-well plates. The genes shown in here are published Schwann cell markers. No batch (plate)
effect observed.
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It is from this proof-of-concept experiment, my dissertation work begins, embarking on
a search for glial heterogeneity and functionality. In subsequent chapters, I describe my
dissertation work in creating the most comprehensive peripheral nerve single nuclei atlas to
date through massively parallel single nuclei transcriptome profiling approach and illustrate
how this data could be valuable to the neuro community. Chapter 2 reveals the complex cellular
composition of the peripheral nerves, with over 20 different cell types being identified.
Different from single-cell RNA-seq approaches, I have unbiasedly profiled mSCs in peripheral
nerves and showed that, agreeing with previous studies, peripheral glia is consistently the most
abundant cell type in different peripheral nerve types. As interesting observations came up
when examining the immune cell populations in peripheral nerves, I further collaborated with
Dr. Peter Wang from Prof. Gwendalyn Randolph’s laboratory and set out to understand the
hallmark signatures in peripheral nerve macrophages. Chapter 3 describes the work to
investigate PNS macrophages, we show that resident PNS macrophages resemble activated
microglia in CNS and share the same yolk-sac origin. Next in Chapter 4, I perform a deep dive
into PNS glia and show that a subtype of SC preferentially ensheath motor axons. Strikingly, I
have also found this SC subtype to be drastically reduced in motor neuropathy conditions as
illustrated in both mouse models and human samples, suggesting the motor-associated SC
signature genes identified could be important biomarkers in monitoring peripheral neuropathy.
Studies over the past few decades have revealed important insights in glial biology, such as
preferential axon regeneration pattern after injury and energy-deprived SCs giving rise to
motor-specific neuropathy, a more diverse SC heterogeneity has long been postulated. My
dissertation work drastically extends the molecular understanding of the peripheral nerves, and
with our dataset readily accessible through a glia web portal, I anticipate it will stimulate future
discoveries and serve as a resource for peripheral neuropathy studies.

15

2. Disentangling cellular identity in peripheral
nerves at single nuclei resolution

The work described in this chapter has been submitted for publication.
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2.1 Introduction
Maintaining homeostasis in peripheral nerves is a unique challenge due to the extreme
length of the axons, their large surface area, and the substantial energy demands of nerve
impulse conduction. In both the PNS and CNS, glia are required for proper signal transduction
along axons, and for metabolic support16,19,20. These glia, called Schwann cells (SCs) are the
predominant cell type in peripheral nerve, and have traditionally been classified as either
myelinating (mSCs) or non-myelinating (nmSCs), reflecting the elaboration of myelin sheathes
around large caliber axons, or the ensheathment of smaller caliber axons into Remak bundles1.
Other cellular components of the nerve have received less attention, but nevertheless play
important roles in nerve function. Nerve fibroblasts form connective tissue layers that maintain
the structural integrity of the nerve, and also play a key role in preserving nerve environment
homeostasis18. Interactions between the various components are critical for nerve development
and regeneration: , for example, SC signals are required for proper development of the
perineural sheath22,23and for establishing specific environments for regenerating motor and
sensory fibers after nerve injury9–12. The resident immune cells are important in regeneration
after nerve injury24,25. Genetic and anatomic studies of the peripheral nerve in health and
disease have provided detailed information regarding many of cells within the nerve, however
the variety of cell types of vastly differing morphologies has made characterization of these
populations difficult using conventional transcriptional profiling analysis13,14.

While the localization and geometry of SCs enable these cells to perform indispensable
functions, these properties also prevent the use of conventional techniques for single cell
transcriptional characterization, because SCs cannot be easily separated from axons. Indeed,
recent single-cell RNA-seq (scRNA-seq) experiments in mouse sciatic nerves have found
limited numbers of mSCs26–29; and other single-cell RNA-seq experiments have likewise

17

identified very small numbers of SCs in whole organs including heart30 and pancreas31. Since
anatomic studies clearly demonstrate that SCs are the predominant cell type within peripheral
nerve32, these findings suggest that inconsistent cell capture of SCs in conventional single cell
RNA-seq experiments result in their underrepresentation. The recent development of single
nuclei RNA-seq (snRNA-seq) has helped eliminate cell capture biases33–35. Given the complex
structure of SCs, we reasoned that a single nuclei RNA-seq approach could be used to analyse
transcriptomes of these cells.

In this study, we used snRNA-seq to obtain unbiased cell atlases of four mouse
peripheral nerves. This allowed us to identify more than 20 cell types encompassing glial,
immune, and stromal populations, as well as to quantify the differences in cellular compositions
across nerve types. We use this atlas to demonstrate that Scn7a is a useful marker for nmSCs,
and is located in a region containing SNPs that are strongly associated with risk of diabetic
neuropathy50.

2.2 Single nuclei transcriptional profiling of sciatic nerves reveals
robust Schwann cell signatures.
To examine cellular diversity in peripheral nerve, we first obtained single cell
expression profiles using whole-cell RNA capture46 technology; however, we found very few
myelinating Schwann cell (mSC) signatures in our data. This mSC representation was
inconsistent with long-standing results from anatomical studies51 and suggested a bias in
capturing these cells52,53. A similar capture bias is also apparent in another study reporting
scRNA-seq from sciatic nerve26. We determined this was due to issues with the dissociation
and capture of the morphologically complex ensheathing glia. We therefore developed a single
nuclei extraction protocol that utilizes fluorescence-activated cell sorting (FACS) to isolate
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GFP-tagged nuclei from dissociated peripheral nerve cells (Fig. 5,6). To fluorescently label
nuclei of all cells in the nerve, we mated mice expressing Cre from the ubiquitously expressed
ActB promotor (ActB-Cre mice) to mice harboring a floxed conditional Sun1-GFP allele that
expresses the Sun1 inner nuclear envelope protein fused to GFP, to generate Sun1-GFP/+;ActBCre/+ (ActB-Sun1) mice (Fig. 5b). In other experiments, we generated and utilized Sun1GFP/+;Mpz-Cre/+ (Mpz-Sun1) mice in which Schwann cell precursors (SCP) expressing Mpz
early in development contain GFP+ nuclei. The Sun1 mice allowed us to effectively purify
nuclei from peripheral nerve that were suitable from generating high-quality single nuclei
transcriptional profiles (Fig. 5c,d).

We performed snRNA-seq on the 10X genomics platform using nuclei purified from
sciatic nerves (5 sequencing libraries from ActB-Sun1 mice and 2 sequencing libraries from
Mpz-Sun1 mice, n=4 mice in each library). As nuclei contain an abundance of intronic premRNA, we also incorporated these intronic reads as we found that intronic and exonic read
counts of a specific gene are statistically similar and thus reflect biologically relevant
expression54 (Fig. 7). We derived a sciatic nerve atlas using 20,658 nuclei with an average
depth of more than 70,000 reads per nucleus using nerves of ActB-Sun1 mice (Fig. 5e). Our
initial analysis confirmed that SCs are present in the expected proportions in this dataset
(45.1%), and is significantly higher than previously reported percentage, ranging from 3.3%8%26–29, using single-cell RNA-seq (Fig. 8). The improvement in mSC representation via
analyzing single nuclei provides a more comprehensive view of the cellular components of
peripheral nerve and provides an opportunity to assess transcriptional heterogeneity within
these cell populations.
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Figure 5. Generation of a single nuclei expression atlas of mouse sciatic nerve. (a)
Schematic diagram of the single nuclei isolation and library preparation. (b) Longitudinal
section of sciatic nerve of Sun1-GFP/+;ActB-Cre/+ mouse; all nuclei express GFP. (scale bar
= 10 um) (c) Gating condition for FACS isolation of GFP and Hoechst positive nuclei; boxed
nuclei were selected for scRNA-seq as they represent GFP+ and Hoescht+ population. (d)
Fluorescence image of purified GFP-positive single nuclei presented on hemocytometer. (scale
bar = 50 um) (e) Sciatic nerve single nuclei atlas (tSNE plot) with 20,658 high-quality nucleus
transcriptional profiles. Distinct cell types are highlighted by different colors. Clusters that
share ‘signature’ genes are enclosed in dashed lines, i.e. all mSCs expressed Prx and Mbp,
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endoneurial/epineurial fibroblasts expressed Pdgfra and Cd34. (f) Violin plots illustrating
different signature genes expressed in 15 clusters.
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Figure 6. Gating strategy for sorting GFP+ nuclei from Sun1-GFP/+:Act-Cre/+ sciatic nerves.
Nuclei were isolated from single cell suspensions containing pooled sciatic nerves from at least
5 Sun1-GFP/+:Act-Cre/+ mice. Purified nuclei were selected based on GFP and Hoechst
expression.
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Figure 7. Intronic reads contain biological information. Single nuclei atlases were
generated by using either exonic or intronic reads, and CCA analysis was performed to align
the two data sets. a, The two atlases showed high level of concordance. b-e, Contribution of
intronic reads to signature genes in nmSCs. b, Csmd1 and c, Scn7a were found to mark nmSCs.
d, Over 90% of the UMIs were from intronic reads for Csmd1. e, Approximately 60% of the
UMIs were from intronic reads for Scn7a.
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Figure 8. Reproducing Wolbert et al single cell map shown in tSNE plot (PNAS sciatic
nerve single cell data). (a) Following similar cut-off and QC, we attained 5,438 cells as compare
to 5,400 cells used in their analysis. We observed the same clustering results as shown in their
data, and following their annotation with the selected marker genes. Mbp was expressed in a
small population shown in the middle, which also express Ngfr. Pdgfra and Ngfr were shown
to be expressed in cluster 0 and 4, and they were being annotated as the nm-SCs cluster.
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Fibroblast population was shown to express Apod, Smoc2 and Sfrp4. (b) Overlapping the
Wolbert’s data with Act-Sun1 single nuclei RNA-seq dataset using Seurat multi-CCA
approach. The annotation is based on our sciatic nerve single-nucleus atlas. Clustering results
are shown on the left panel, and dataset labels are shown on the right panel (red from singlenuclei RNA-seq, blue from single-cell RNA-seq). mSCs and nmSCs are located at the uppercenter of both plots, and are depleted in the single-cell RNA-seq data. Batch effect was
observed as illustrated by the cluster of blue dots within the endoneurial and epineurial
fibroblasts in the right panel, and is likely stemming from the different transcriptome profiling
technologies – single cell vs single nuclei RNA-seq.
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Computational data integration using Seurat that adjusts for uncontrolled batch effects
enabled clustering and identification of 15 distinct cell types in mouse sciatic nerve (Fig. 5e,f).
Among the cells identified, mSCs, marked by expression of Prx, Qk and Mbp, formed the
largest population in the atlas (cluster 0, 3 and 8) and constituted 73.5% of all SCs (6,157
nuclei). Interestingly, mSCs were separated into three clusters; Cluster 8, which expressed high
levels of Slit2, a chemorepellent factor with strong axon guidance function55, Cluster 0, which
expressed high levels of Cnp, the myelin-associated enzyme that catalyses hydrolysis of 2’, 3’cyclic nucleotides56, and Cluster 3, which expressed moderate levels of Cnp, Plp1 and Slit2.
Another large cluster containing 2,218 nuclei, Cluster 2, represented nmSCs, marked by
canonical markers such as Ncam1 and Slc35f1, as well as additional markers Scn7a57 (Sodium
channel Nax gene) and Csmd1, a complement regulatory protein58. Together, the mSC and
nmSC populations represented 40% of the total nuclei in the sciatic nerve. These results are
consistent with anatomical studies of peripheral nerve cell composition59, where glia were
found to be the predominant cell type.

2.3 Single nuclei RNA-seq uncovers diverse cell types in sciatic
nerves.
Our analysis of the sciatic nerve snRNAseq dataset identified a number of additional
cell types associated with peripheral nerves. We detected nerve-associated microvascular
endothelial cells (Cluster 5: 1,329 nuclei) that express Cldn560, as well as lymphatic endothelial
cells (Cluster 14; 331 nuclei) identified by Prox1 and Lyve161 (Fig. 5e,f). In addition to
endothelial cells, we also identified vasculature-associated smooth muscle cells (VSMCs,
Cluster 11; 659 nuclei), which express Acta2 and support contractility of blood vessels62, and
pericytes (Cluster 12; 635 nuclei), which express Pdgfrb and help form the blood-nerve
barrier63 (Fig. 5f). Together these vascular cell types constituted 21.7% of cells in sciatic nerve.
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A significant portion of the non-glial cells in peripheral nerve are fibroblasts associated
with the connective tissue layers of the nerve64. We identified four populations of fibroblasts
(Clusters 1, 6, 9, and 10) in our ActB-Sun1GFP sciatic nerve dataset, and together they define
the compartments of peripheral nerves – epineurium, perineurium and endoneurium. Epineurial
fibroblasts, which surround the outermost layer of the nerve, express Pdgfra and Pcolce226,
and were further divided into two populations, with Cluster 9 expressing Opcml and Cluster 6
expressing Pi1665 and Ccbe1 (Fig. 5e-f). Ccbe1+ epineurial fibroblasts also expressed
Adamts3, which interacts with vascular endothelial growth factor C (Vegfc) and serves as a key
regulator of lymphangiogenesis in nerve66 (Fig. 9). Perineurial fibroblasts (Cluster 10), which
ensheath nerve fascicles, were notable for their lack of Pdgfra expression and their expression
of markers Itgb4 and Slc2a167,68 (also known as Glut1). Endoneurial fibroblasts (EFs), which
reside within the endoneurium, express Pdgfra as well as Cspg4 (also known as NG2) and
Enpp269 (Fig. 5e). Together, the multiple fibroblast populations responsible for peripheral
nerve compartmentalization constitute ~30% of the cells in sciatic nerve.

2.4 Endoneurial fibroblasts have a Schwann cell precursor origin
and express Schwann cell markers
Adult nerves contain progenitor cells that could promotes nerve repairing26. EFs, in
particular, have been shown to serve as bridge fibroblasts and facilitate toe tip regeneration and
wound healing70. Previous work showed that EFs arise from SCP cells, thus sharing a
developmental lineage with SCs. In the mouse, as Mpz expression commences as early as in
E12.5 in SCPs71, we generated Sun1-GFP:Mpz-Cre (Mpz-Sun1) mice that drive the expression
of GFP-tagged nuclei in cells that express MPZ developmentally in addition to those that
express MPZ in adulthood (Fig. 10a) and performed snRNA-seq on the isolated nuclei. A total
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Figure 9. Expression of lymphangiogenesis-related genes in epineurial fibroblasts.
Adamts3, Adamts14, Ccbe1, Pdgfra and Adamts12 expression in the ActB-Sun1 sciatic nerve
atlas.
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Figure 10. Endoneurial fibroblasts express non-myelinating Schwann cell markers (a)
Cross-section of sciatic nerve of Sun1-GFP/+;Mpz-Cre/+ mouse showing only a subpopulation
of nuclei express GFP. Yellow arrows indicate GFP+ nuclei and blue arrows indicate GFPnuclei. (b) tSNE plot with 3,047 nuclei from Sun1-GFP/+;Mpz-Cre/+ defines three GFP+ cell
types – endoneurial fibroblasts, nmSCs and mSCs. (c) Mpz-lineage tSNEs showing expression
of Cd34, Ngfr and Pdgfra. Note the expression of Ngfr in both nmSCs and endoneurial
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fibroblasts. (d) GO analysis showing that endoneurial fibroblast markers (122 genes) are
enriched for components related to collagen-containing extracellular matrix, extracellular
matrix and formation of axon, neurons and synapse, percentage of GO recovery is plotted
against the false discovery rate (FDR) and selected GO terms are highlighted in color. (e-l)
RNA-FISH showing expression of Prx, Scn7a, Ngfr, Pdgfra and Cd34; red arrows indicate red
gene signal, green arrows indicate green gene signal, orange arrows indicate co-localization of
red and green gene signals. Nuclei are stained with DAPI. Scale bar=50 um.
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of 3,047 Mpz-lineage nuclei transcriptome were profiled with over 700k reads per nuclei and
3,000 genes per nucleus (Fig. 10b-d). As expected, both mSCs and nmSCs (2,264 and 558
nuclei; 92% of all Mpz-lineage nuclei) were highly enriched in the Mpz-lineage atlas and
displayed a 2x enrichment when compared to the whole sciatic nerve atlas. EFs (225 nuclei;
8% of cells) were identified by the expression of Pdgfra and Cspg4 (also known as NG2); GFP
expression was also found in EFs. Progenitor cell marker Cd34 expressed specifically in
endoneurial fibroblasts (Fig. 10e), and 73.8% of the endoneurial fibroblasts also expressed
Plp1. GO analysis suggests EFs regulate collagen matrix formation and axon development
(Fig. 11). We used RNA-FISH to demonstrate co-expression of Pdgfra with the newly
identified Ngfr and Cd34 expression in EFs (Fig. 10e-l). These results suggest that endoneurial
fibroblasts may contribute to the Ngfr-positive cell population observed after nerve injury and
in peripheral neuropathy models where they could play important roles in nerve regenerative
responses26. Together, the multiple fibroblast populations responsible for peripheral nerve
compartmentalization constitute ~30% of the cells in sciatic nerve.
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Figure 11. GO analysis of endoneurial fibroblasts. (a) tSNE plot with 3,047 nuclei from
Sun1-GFP/+;Mpz-Cre/+ defines three GFP+ cell types – endoneurial fibroblasts, nmSCs and
mSCs. (b) Differential expression analysis from Mpz-Sun1 atlas shows signature gene
expression that defines endoneurial fibroblasts, including Col15a1, Lama2 and Egfr. Each
column represents a gene and each row represents a nucleus, genes with high expression level
are shown in yellow and low expression in purple. (c) GO analysis showing that endoneurial
fibroblast markers (122 genes) are enriched for components related to collagen-containing
extracellular matrix, extracellular matrix and formation of axon, neurons and synapse,
percentage of GO recovery is plotted against the false discovery rate (FDR) and selected GO
terms are highlighted in color.
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2.5 Sciatic nerve single nuclei atlas serves as a robust reference
atlas to characterize cell-type composition in vagus and
peroneal nerves.
We performed snRNAseq on additional peripheral nerves to examine the generality of
the findings from sciatic nerve. We isolated the peroneal nerve, a branch of the sciatic that
supplies both motor and sensory function to the lower limbs72; sural, a sensory branch of the
sciatic that is well studied in models of sensory neuropathy73; and the vagus, a mostly
unmyelinated nerve that regulates important autonomic functions74,75 from ActB-Cre:Sun1GFP mice, and characterized over 1,500 high quality nuclei from each nerve type (Fig. 12a).
After using DeepImpute76 to impute values for missing genes, Seurat77 to correct for batch
effects, and removing the immune populations, we merged these data with our sciatic nerve
dataset using the anchoring approach in Seurat77. The combined peripheral nerve atlas, with
22,553 nuclei encompassing 14 clusters of cells, revealed unique differences in cell-type
composition across different nerve types (Fig. 12a-c, Fig. 13). For instance, whereas most
nerves have more glia than fibroblasts, the sural nerve contains more than twice as many
fibroblasts (44.2%) as glia (19.2%). This is particularly noticeable for the epineurial fibroblast
populations (22.3%), which are 2-fold more abundant in sural compared to other nerves
(11.4%).

Single cell transcriptional profiling has proven to be a valuable adjunct in identifying
disease-relevant cell types in complex diseases such as autism78 and Alzheimer’s disease79. We
used our peripheral nerve atlas to similarly search peripheral neuropathy datasets. We curated
the pathogenic neuropathy variants from OMIM80, and found 20 genes harboring pathogenic
variants that are expressed in an unique cell type in the peripheral nerve atlas (Fig. 14). As
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Figure 12. Single nuclei transcriptional profiling of peroneal, sural and vagus nerves.
(a) Schematic diagram of the single nuclei isolation from vagus, peroneal and sural nerves and
library preparation. (b) UMAP plot of unified peripheral nerve atlas combining data from four
peripheral nerves: sciatic (gray), peroneal (red), sural (blue), and vagus (green) nerves. (c)
UMAP plot illustrating the 14 cell clusters identified in unified peripheral nerve atlas using
annotations consistent with earlier sciatic nerve atlas. Immune cells were not included in this
analysis. (d) Quantification of cell type compositions across different peripheral nerves. Glia
cells consistently constituted the largest group of cells in all four nerve types. Note the
increased proportion of nmSCs in the vagus nerve compared to all other nerves.
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Figure 13. Interaction analysis of peripheral nerve cell types based on CCInx database.
Cell types are ranked from the highest to lowest numbers of connections in a clockwise
direction, starting from epineurial fibroblast. A total of 55 possible combinations were curated
across 11 cell types with self-interaction being excluded, the combinations were represented in
55 colors shown by the ribbon. The types of protein are illustrated on the outer circle, with the
color scheme shown at the upper left.
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expected, most of these are expressed in mSCs or nmSCs. We also examined genome-wide
association studies (GWAS)81,82 for diabetic neuropathy, a common small-fiber neuropathy, to
examine the cellular expression patterns of implicated genes. A cluster of variants at a single
locus on chromosome 2q24 was identified as a strong risk factor for diabetic peripheral
neuropathy (DPN)50. Sixteen genes lie within 2 MB of the most significant SNP in this locus
(rs13417783, chr2:166,773,339). This made it difficult to determine which gene(s) are
involved in the disorder (Fig. 15), however the authors highlighted SCN2A dysregulation as
most likely contributor based on its expression in tibial nerve and role as a sodium channel
whose dysfunction is linked to epilepsy83. We examined all 16 genes in the locus using our
peripheral nerve atlas and found that 3 of them are uniquely expressed in specific cells in
peripheral nerve (Fig. 14b). These included Scn7a, which we previously noted is a specific
marker of nmSCs, Nostrin that is expressed in microvascular endothelial cells, and Slc38a11,
which is detected in VSMCs. Strikingly, two other disease-associated SNPs, rs11073752
(chr15:88,423,051) and rs13265430 (chr8:4,165,607), from this study are located within
NTRK3 and CSMD1 genes, respectively. In the nerve, both of these genes are also specifically
expressed in nmSCs (Fig. 14b), cells that ensheath the small sensory fibers most affected in
DPN84. To confirm these expression patterns, we performed RNA-FISH on sciatic nerves and
demonstrated that expression of Csmd1 and Scn7a is completely overlapping (Fig. 16). The
association of nmSCs with small-fiber neuropathy along with our single nuclei expression data
(Fig. 5e, f) support the idea that the diabetic neuropathy risk variants identified at 2q24 are
likely influencing SCN7A expression, rather than the SCN2A gene previously reported.

As majority of the CMT genes are mSC-related, we wanted to explore the cellular
dynamics along the development of CMT by performing in silico deconvolution on a CMT1A
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Figure 14. Peripheral neuropathy genes express predominantly in Schwann cells. (a)
Genes mutated in peripheral neuropathy were curated from OMIM and their expression in
specific cell types was identified using the peripheral nerve atlas. Colored box indicates
expression of gene in indicated cell type. Nerve immune cell atlas was used to identify genes
expressed in immune cell types. (b) Schematic diagram showing human chromosome 2 locus
(164,773,339-168,773,339 (2q24)) with DPN-associated variants identified by GWAS50.
SCN7A is antisense and immediately upstream of the variant rs13417783. The two other genes
uniquely expressed in other peripheral nerve cell types are SLC38A11 and Nostrin (blue
arrow). SCN2A is shown in yellow. The directionality of arrow indicates sense or antisense
transcription. Expression of genes is shown in UMAP. The two genes Csmd1 and Ntrk3 in
dashed box are two additional variants identified in this GWAS study50 that are also uniquely
expressed in nmSCs.
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Figure 15. Most significant variant in diabetic neuropathy GWAS rs13417783 located
upstream of both SCN7A and XIRP2. Variant’s position indicated as yellow line on the figure,
SCN7A and XIRP2 are indicated by two red arrows. SCN2A, the target inferred by GTEX
tibial nerve data, is indicated by the green arrow. Through GTEX-based eQTL analysis from
tibial nerves data, the inferred gene was reported as SCN2A (>1M bp from rs16852465). The
16 protein coding genes within 2Mbp radius (red box) are shown in the figure as gene bodies
in blue color.
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Figure 16. RNA-FISH analysis of Csmd1 and Scn7a. Representative overlapping
expression of Csmd1 (green) and Scn7a (red) in adult sciatic nerves.
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disease model85 through our peripheral nerve atlas. Using RNA-seq data from both Pmp22-Tg
and wild-type (WT) rats of embryonic day 21 (E21), postnatal day 6 (P6) and P1885, we inferred
the abundance of cell types defined in our peripheral nerve atlas using CIBERSORTx86 and
calculated the ratio of Pmp22-Tg vs WT at each time point. We found a 30% drop of mSCs at
P18 in the Pmp22-Tg rat (Fig. 17a). No major changes for mSC and nmSC abundances were
observed at E21 and P6. This agrees with the beginning of demyelination and reduction in grip
strength previously reported in Pmp22-Tg rats after 3-5 weeks of age87. Notably, a profound
increase of nmSCs (5.48x) at P18 was observed. We speculate this could be due to the
dedifferentiation of mSCs into repair SCs, which also resembles nmSC signatures such as Ngfr
and Sox1088. As expected, repair SC signature genes such as Shh, Met and Sema3e were found
to be significantly different between Pmp22-Tg and WT at P18 (Fig. 17b,c). Through our
peripheral nerve atlas, we are able to reveal the differences in cell-type abundance and infer
mSCs dedifferentiation in a CMT1A disease model. We believe this approach can be
generalized to many other PN datasets and our datasets can serve as invaluable resources to
future PN studies.

2.6 Discussion
Schwann cell heterogeneity has been a topic of interest ever since the discovery of
anatomically distinguishable myelinating and non-myelinating cells. Yet profiling SCs has
been immensely difficult due to their complex morphologies, even with the scRNA-seq
approach. In this study, I have devised a nuclei isolation approach that works in multiple types
of peripheral nerves and characterized the cell type compositions based on the transcriptome
signatures in 4 different nerve types – sciatic, peroneal, sural and vagus nerves through snRNAseq. The peripheral nerve displays a complex cell-type composition, with over 20 different cell
types being identified. There are two advantages in our single nuclei approach: (1) less mice
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Figure 17. Deconvolution of CMT1A RNA-seq data caused by aberrant Pmp22 expression
(Pmp22-Tg). (a) The ratios of cell type abundances between Pmp22-Tg and WT were shown
for the developmental timepoints E21, P6 and P18. (b) Immune gene signatures were
significantly up-regulated in P18 Pmp22-Tg rats. (c) Repair Schwann cell epithelialmesenchymal transition (EMT) signature genes were significantly up-regulated specifically in
P18 Pmp22-Tg rats.
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are needed as the isolation protocol is efficient, allowing us to scale up the experiments to much
finer nerve types such as peroneal and vagus nerves, and (2) our nuclei isolation approach
overcomes biases associated with previous single-cell RNA-seq experiments in sciatic
nerves26, which face technical limitations with morphologically complex mSCs. Overlaying
sciatic nerve single cell RNA-seq28 data onto our single-nuclei atlas shows depletion of mSCs,
which suggests that the cell capture efficiency of traditional single cell approach is sensitive to
cell morphology. We believe that the difficulties of dissociating intact SCs from adult
peripheral nerves are underappreciated, and therefore it is important to develop an unbiased
and replicable approach in isolating nuclei from nerves.

The relationship between endoneurial fibroblasts and SCs is particularly interesting, as
they both share a neural crest origin and are derived from a multilineage differentiation of
NCC89. Former peripheral nerve development model suggested that endoneurial fibroblasts are
derived from a non-neuronal restricted progenitor and do not express Ngfr90. Through Mpzlineage snRNA-seq, we were able to reveal a more specific SCP lineage of endoneurial
fibroblasts and showed that they also expressed Ngfr and Plp1 in young adult mouse. This
agrees with the observation that during the peripheral nerve developmental phase, SCP give
rise to both immature SCs and fibroblasts71. Also, through Dhh-lineage tracing, endoneurial
fibroblasts were shown to be arise within the nerve environment after their migration into the
nerve90. The endoneurial fibroblasts further supported the development of PNS through
secretion of collagen-rich extraceullar matrix molecules (Col15a1 and Lama2) that surrounds
individual axon-SC units. As endoneurial fibroblasts also play an important role in peripheral
nerve repair and regeneration, the expression of Cd34 and Ngfr, and their ability to proliferate
in response to injury suggests that they retain some stem cell-like potential91. The finding that
Ngfr is expressed not only by nmSCs but also by endoneurial fibroblasts, which constitute 15%
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of the sciatic nerve population, further suggest that endoneurial fibroblasts may also contribute
to the Ngfr-positive cells that are observed in the response to injury response and various
peripheral neuropathy models

The cellular composition of the peripheral nerve is complex, with over 20 different cell types
identified. Furthermore, the abundance of each cell type varies across different nerves
depending on their biological functions – motor, sensory or autonomic. Pathogenic cell-type
associations were also observed when analyzing different classes of peripheral neuropathy with
our peripheral atlas. Hereditary neurological disorders have a wide spectrum of phenotypes,
and only a portion of them exhibit peripheral neuropathy. While it is expected that the diseasecausing genes of hereditary peripheral neuropathies such as CMT will be highly enriched in
mSCs, we are surprised to see genes that caused hereditary neurological disorders with
observed peripheral neuropathy are also enriched in SCs. For example, both complicated-type
Spastic Paraplegia 35 (SPG35) caused by FA2H variant and autonomic peripheral neuropathy
caused by PRNP variant, have reported clinical cases of axonal neuropathy92,93. Interestingly,
re-interpreting GWAS for diabetic neuropathy has suggested SCN7A, other than SCN2A, is a
more likely target of the diabetic neuropathy risk variants identified at 2q24.

Observations of onion bulbs in peripheral nerves of CMT1A patients were also reported in the
past94, which is caused by the repeated cycles of demyelination and remyelination of SCs. The
demyelination is a distinctive phenomenon exhibited by repair SCs95. From our in silico RNAseq deconvolution analysis using the peripheral nerve atlas, mSCs were shown to undergo dedifferentiation and exhibited a repair SC phenotype96,97. Il34, a key ligand that contributes to
the development of CNS microglia and peripheral nerve resident macrophages25,98, was found
to be expressed in both pericytes and SCs. Therefore, an increase in pericytes at P6 could be
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an early event that helps to orchestrate macrophage responses. As macrophage-mediated
myelin disruption is observed in CMT1A99, both pericytes and macrophages seem to be the
early responders in the diseased nerves. The peripheral nerve atlas generated in this study will
allow us to track the specific cell type involvement and examine the state changes in many
other peripheral neuropathy studies.

2.7 Materials and Methods
Experimental animals. Mouse care and experiments were performed in accordance
with protocols approved by the Institutional Animal Care and Use Committee at Washington
University in St. Louis under the protocols 20170154 and 20170030. Mice were kept on a 12hour light dark cycle and received food and water ad libitum. The following strains were used:
Sun1-sfGFP: B6.129-Gt(ROSA)26Sortm5(CAG-Sun1/sfGFP)Nat/J
Actb-Cre: B6N.FVB-Tmem163Tg(ACTB-cre)2Mrt/CjDswJ
Mpz-Cre: B6N.FVB-Tg(Mpz-cre)26Mes/J
Ribotag: Rpl22tm1.1Psam
Ngfr-GFP: Tg(Ngfr-EGFP)QU6Gsat
C57BL/6NTac
All mice used were from 8 weeks – 12 weeks old.

Nuclei isolation and single nuclei RNA-seq. Nerves were isolated from reporter mice
as indicated below. For sciatic nerve snRNA-seq libraries, 2 male and 2 female mice were
pooled for each experiment. For vagus nerve snRNA-seq libraries, were prepared from a pool
of 9 male and 9 female mice. For peroneal and sural nerve snRNA-seq libraries, 5 male and 5
female mice were pooled for each experiment. Upon dissection, the nerves were immediately
transferred to digestion media containing collagenase IV, hyaluronidase and DNase for 10-15
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min at 37°C. The cells were filtered through 70 um cell strainers and washed twice with cold
5% PBS containing 0.1% BSA, RNaseIn and SuperaseIn. Cells were mechanically dissociated
using a Dounce homognizer on ice; media for mechanical dissociation was prepared according
to Krishnaswami’s protocol100. The nuclei and cellular debris were filtered through 40 um cell
strainers and washed with cold 5% PBS containing 0.1% BSA, RNaseIn and SuperaseIn and
the debris was removed from the nuclei by immediate FACS sorting. The purified nuclei were
used to prepare single nuclei RNA-seq libraries following manufacturer’s instructions (10X
Genomics). A total of 10 single nuclei libraries were prepared: 5 libraries from sciatic nerves
from Sun1-GFP/+:ActB-Cre/+ mice; 2 libraries from sciatic nerves from Sun1-GFP/+:MpzCre/+ mice; 2 libraries from vagus nerves from Sun1-GFP/+:ActB-Cre/+ mice; and, 1 library
from peroneal nerves dissected from Sun1-GFP/+:ActB-Cre/+ mice.

Immune cell isolation and generation of sciatic nerve single-cell immune cell atlas.
Cell sorting was following ImmGen protocols25. In brief, sciatic nerves from 20 mice were
pooled, incubated with gentle shaking for 15 min in digestion media containing collagenase
IV, hyaluronidase, and DNAse. Cells were then washed with 5% PBS containing 0.1% BSA
with RNaseIn and SuperaseIn, filtered through 70 uM cell strainers and sorted twice into 5uL
TCL buffer containing 5% PBS/BSA with RNase inhibitors using the CD45 antibody (clone
30-F11). Cd45+ cells were loaded to one lane of the 10X Chip for preparation of one singlecell library. The library preparation was performed according to the manufacturer’s
instructions.

Sequencing and single nuclei RNA-seq analysis.
All 10 libraries were sequenced by using Illumina HiSeq2500 or NovaSeq6000
according to manufacturer’s instructions. The reads were then aligned to mouse genome mm10
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using Cell Ranger v2.1.1 from 10X Genomics. As nuclei contain mostly pre-mRNA with intron
retention, over 40% of the mapped reads were at introns. We therefore incorporated both
intronic and exonic reads during the analysis and then determined the UMI counts for each
gene. The first QC step involved the removal of nuclei with less than 500 genes and genes seen
in 10 or fewer nuclei, the second QC step involved the removal of nuclei with high
mitochondrial content (>5%). The expression matrix of individual library was then normalized
and scaled based on the UMI counts and mitochondria percentage. Highly variable genes were
identified by using FindVariableGenes function in Seurat and subjected to downstream
analysis. For sciatic nerve atlas generated from Sun1-GFP/+;ActB-Cre/+ mice as well as
peripheral nerve atlas that combined three nerve types, the batch effect was corrected by using
DeepImpute and Seurat multi-CCA. For Mpz-nuclei atlas generated from Sun1-GFP/+;MpzCre/+ mice and vagus nerve atlas generated from Sun1-GFP/+;ActB-Cre/+ mice, the batch
effect was corrected by CCA. For peroneal nerve atlas generated from Sun1-GFP/+;ActB-Cre/+
mice, only one library was generated and hence principal component analysis (PCA) was
performed and PCA dimensions were used for downstream analysis. As the third QC step, we
calculated the ratio of variance explained by CCA and removed nuclei with inconsistent lower
dimensional CCA information, which were likely to be caused by doublets or nuclei rupture
during the nuclei capture step in creating the single nucleus libraries. Clustering analysis was
then performed by using shared nearest neighbor (SNN) modularity optimization approach
with at least 100 random starts and 100 iterations. Data visualization was performed using tSNE. For cell trajectory analysis, the normalized matrix was imported to Monocle and cell
trajectory analysis was performed. The analyses were done by using customized R code,
Seurat2 (v2.3.4, v3.2.3 & v4.0.0), DeepImpute (Apr2020), Monocle (v2.9.0) and Python3.6.
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3. PNS macrophages shares activated microglia
signatures and ontogeny
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3.1 Introduction
The significant role of resident neural macrophages in neuroinflammation and disease
progression is increasingly appreciated in mouse models and individuals with
neurodegeneration101–103. Such advances, which largely rely on the interpretation of data from
transcriptional analyses and human genome-wide association studies (GWAS) of Alzheimer’s
Disease (AD) and other neurodegenerative conditions, have led to critical findings about
cellular and molecular processes underlying such diseases104–106. Most of these studies,
however, have focused on resident macrophages in the brain (microglia) and, to a lesser extent,
the spinal cord. Meanwhile, the transcriptional identity and functions of resident macrophages
in the PNS remain mostly unknown.
The PNS consists of a multitude of neuronal networks that relay motor and sensory
information between the CNS and the rest of the body107. Though it has the capacity to
regenerate, the PNS is also prone to injury and degeneration108. Studies of PNS injury have
shown that PNS macrophages play important roles for debris clearance, pain development, and
regeneration109–111. While the contribution of recruited monocytes cannot be excluded, these
studies demonstrate the importance of PNS macrophages in nerve injury. Understanding the
roles of these cells in homeostasis and disease may be broadly beneficial for resolving
neuroinflammation.
In addition to monocyte-derived macrophages in nerve injury, there are also resident
macrophages in the PNS at steady state112,113. While their residence in neuronal tissues is
inherently microglia-like, PNS macrophages exist within a unique peripheral nerve
microenvironment. Moreover, though it is known that CNS microglia are derived from the yolk
sac during embryogenesis and depend on IL-34 for development98,114, the ontogeny of PNS
macrophages remains unclear. Considering the growing interest in how tissue environment and

48

ontogeny contribute to microglial identity and function in neurological diseases, we
investigated these questions in peripheral nerve resident macrophages.

3.2 High-resolution immune cell atlas of sciatic nerve identified
macrophages expressing microglia signatures
While immune cells were being profiled along with glia and other auxiliary cell types
in peripheral nerves, the percentage of immune cells was relatively low in sciatic nerve under
normal condition (less than 8%). In order to obtain a high-resolution immune cell atlas of
peripheral nerve, we isolated purified CD45+ cells from sciatic nerves of C57/B6 mice
following the ImmGen protocol and performed scRNA-seq following the 10X Genomics
protocol. The library was sequenced using Illumina Nova-seq, resulting in 3,543 high quality
single cell transcriptome profiles with an average of 217k reads per cell.

We identified 10 distinct immune cell populations, including macrophages as well as B
and T lymphocytes, each with subtypes further distinguished by unique expression markers
(Fig. 18a,b). B cells constituted the largest population (1,778 cells), with the two large clusters
(Cluster i.0 & i.1) expressing Vpreb3115 and one small population (i.9) expressing IL4l1. Three
populations of T cells were identified based on the uniform expression of CD3E, CD3G and
Trac, and they could be classified as (1) CD4+ helper T-cells (i.2, 485 cells), (2) CD8+
cytotoxic T-cells (i.3, 394 cells) and (3) Tcrg-C1+ T-cells (i.7, 115 cells). NK-cells (i.8, 113
cells) were also marked by the expression of Nkg7 and KLR-family proteins. Two distinct
macrophage populations could be identified: cluster 4 macrophages express both Cx3cr1 and
Trem2, while Cluster 5 corresponds to epineurial macrophages with expression of Cd209a36.
This observation prompts us to perform a more comprehensive profiling on the transcriptional
signature and ontogeny of PNS macrophages.
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Figure 18. Sciatic nerve immune cell atlas (tSNE plot) with 3,543 CD45+ enriched
cell transcriptional profiles. (a) Clustering of different immune cell types highlighted in
different colors and (b) their signature genes labeled in the violin plot.
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3.3 Resident macrophages of the PNS and their transcriptional
signatures
To examine resident macrophages in the PNS, we imaged a variety of nerve types at
steady state using CX3CR1GFP/+ reporter mice. In these mice, GFP effectively labels microglia
and has been shown to label nerve-associated macrophages in adipose and enteric tissues116,117.
CX3CR1-GFP+ cells were found in dorsal root ganglia (DRG), vagal nerves (VN),
subcutaneous fascial nerves (FN) and sciatic nerves (SN) (Fig. 19a). CX3CR1-GFP+ cells were
located in the endoneurium and expressed colony-stimulating factor 1 receptor CD115 (Fig.
19b-c). Using flow cytometry, we found that CX3CR1-GFP+ cells also expressed the common
macrophage marker CD64118 (FcγR1), as well as intermediate levels of CD45 (Fig. 19d-f).
Thus, CX3CR1-GFP+ cells in peripheral nerves are indeed macrophages with resemblance to
CNS microglia based on both endoneurial localization and surface marker expression.

To determine whether PNS macrophages depend on circulating precursors or are
maintained via local signals, we performed parabiosis in CD45.1+ wild type and CD45.2+
Lyz2-Cre x tdTomatofl/fl mice, and assessed the extent to which cells circulating from the
parabiotic partner gave rise to PNS macrophages. Ten weeks after joining the parabionts, we
found minimal exchange of PNS macrophages in all of the nerve types examined, whereas
blood T cells and monocytes exchanged robustly (Fig. 19g and 20). Indeed, most of the
tdTomato+ cells that could be seen in the wild-type parabiont were localized to the tissue
surrounding the nerves (Fig. 19h). We also performed pulse-chase labeling of PNS
macrophages using tamoxifen-inducible CSF1RMer-iCre-Mer × tdTomato fl/fl mice. In these
mice, tdTomato expression persists in self-maintaining cells, but not in monocytes, which
mostly turn over by 3–4 weeks after tamoxifen removal119,120. Heterozygous mice were fed
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Figure 19. Identification and characterization of PNS resident macrophages. (a–c)
Representative confocal imaging of peripheral nerves from CX3CR1GFP/+ MPZtdTomato
mice (tomato from MPZ depicted here in blue). (a) Images of whole-mount dorsal root ganglia
(DRG), cutaneous fascial (FN), vagal (VN), and sciatic nerves (SN) isolated from
CX3CR1GFP/+ MPZtdTomato mice. Scale bars are 50 μm. (b) Endoneurial localization of
GFP+ cells in longitudinal sections of sciatic nerves from CX3CR1GFP/+ MPZtdTomato mice.
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(c) CSF1R (red) and CX3CR1GFP (green) colocalization in sciatic nerve cross sections. Scale
bars are 50 μm. (d) Flow cytometric gating of CX3CR1GFP/+ cells from peripheral nerve
tissues. (e, f) Representative expression of CD64 and CD45 in CX3CR1GFP/+ cells compared
with brain microglia, large peritoneal macrophages (LPMs), and fluorescence minus one
(FMO) control. (g) Flow cytometric quantification of CD45.1 and CD45.2 chimerism in blood
(total T cells or total monocytes) and nerves from three pairs of wild-type (CD45.1) and
Lyz2Cre tdTomato (CD45.2) parabionts 10 weeks after joining. (h) Representative imaging in
peripheral nerves from wild-type parabiont; Scale bars are 100 μm.(i–l) Analysis of tdTomato
expression in tamoxifen-pulsed CSF1RMer-iCre-Mer × Rosa26-tdTomato mice. (i) Tamoxifen
delivery schematic for fate mapping. Mice were given tamoxifen diet for 4 weeks and analyses
for PNS macrophages and CNS microglia were performed at 0 days and 8 weeks after
tamoxifen diet removal. (j) tdTomato expression by genotype from combined peripheral nerves
in tamoxifen-fed mice. (k) Flow cytometric quantification of Ly6c high and Ly6C low
monocytes from mice bled at 0 days, 3 weeks, 4 weeks, and 8 weeks after tamoxifen removal.
(l) Flow cytometric quantification of CNS microglia (brain and spinal cord) and PNS
macrophages (pooled from DRG, fascial nerve, vagus nerve, and sciatic nerve to increase yield
in analysis) 0 days and 8 weeks following tamoxifen removal. Data are mean ± SEM (n = 3
mice per time point).
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Figure 20. Analysis of resident macrophage chimerism in CD45.1 wild type and
CD45.2 Lyz2-Cre tdTomato parabionts. Gating scheme (top) and representative flow plots of
CD45.1 and CD45.2 expression in nerve macrophages from CD45.2 parabiont (bottom).
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tamoxifen diet for 4 weeks and then switched to normal diet (Fig. 19i). Just following
tamoxifen removal, 96% of PNS macrophages (pooled from all PNS sites), 99% of CNS
microglia, and 100% of blood monocytes were tdTomato+ (Fig. 19j-l). Whereas only 20% of
nonclassical and classical monocytes were still tdTomato+ by 3 weeks after tamoxifen removal,
98% of CNS microglia and 95% of pooled PNS macrophages remained labeled up to 8 weeks
following tamoxifen removal (Fig. 19l). Taken together, these results indicate that PNS
macrophages are mostly self-maintained in adult mice.

Unique gene expression profiles can be obtained in tissue-resident macrophage
populations across tissue types. To identify signature genes in peripheral nerve macrophages,
we performed bulk RNA sequencing (RNA-seq) to compare purified PNS resident
macrophages sorted from DRG, VN, cutaneous intercostal FN, and SNs (Fig. 21) with CNS
microglia from the brain and spinal cord, as well as previously characterized conventional
macrophage populations from the spleen, peritoneal cavity, and lungs. Global transcriptomic
analysis revealed similarities within resident neural macrophages from both PNS and CNS,
with PNS macrophages clustering more closely to CNS microglia than to conventional
macrophages (Fig. 22a). A substantial number of genes were uniquely enriched in PNS
macrophages and CNS microglia compared with the other tissue-resident macrophages,
including microglial signature genes Tmem119, P2ry12, Siglech, Trem2 and Olfml3 (Fig.
22b,c). PNS macrophage-specific genes were also identified (Fig. 22b).

To determine potential functions of PNS macrophages associated with their shared and
unique gene expression profiles, we performed Gene Ontology analysis on transcripts that were
common between PNS macrophages and CNS microglia, and those that were specific to PNS
macrophages. Consistent with the idea that PNS macrophages may share functions with CNS
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Figure 21. Gating strategy for identifying PNS macrophages and for double-sorted
populations used in bulk-RNA sequencing. Representative gating schematic for flow
cytometric identification and sorting of CX3CR1-GFP+, CD45 intermediate, CD64+ PNS
macrophages in DRG, SN, FN and VN.
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Figure 22. PNS macrophages express microglial transcripts as well as a unique
signature. (a) Sample correlation plot showing global transcriptomic analysis and hierarchical
clustering of resident macrophages from PNS, CNS, and conventional macrophages. Each box
represents one replicate. Three replicates comprising up to 20 mice per replicate were included
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for each population. (b) Visualization of PNS macrophage unique transcripts (upper quadrant),
CNS microglia unique transcripts (right quadrant), shared transcripts between PNS
macrophages and CNS microglia (diagonal, top right quadrant), and conventional macrophages
(bottom right quadrant). (c) Expression of microglial core transcripts in combined PNS
macrophages compared with combined conventional macrophages. Multiple t-tests. Data are
mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (d) GO analysis of genes
enriched in PNS macrophages and CNS microglia. (e) GO analysis of genes enriched in PNS
macrophages. (f) Transcripts expressed at least fourfold higher in PNS macrophages and CNS
microglia than conventional tissue-resident macrophages (p ≤ 0.05). (g) Transcripts expressed
at least fourfold higher in PNS macrophages than CNS microglia or conventional macrophages
(p ≤ 0.05). (f, g) Each box represents average of three replicates. Abbreviations: LPM, large
peritoneal macrophage; SPM, small peritoneal macrophage.
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microglia, pathway analysis identified functions including synaptic plasticity, microglial
motility, and positive regulation of neurogenesis (Fig. 22d). Pathways that were unique to PNS
macrophages included angiogenesis, collagen fibril organization, regulation of BMP signaling,
and peripheral nerve structural organization and axon guidance (Fig. 22e).

Next, we identified transcripts that were 4-fold or more enriched in CNS microglia and
PNS macrophages relative to their expression in all other conventional macrophage populations
(Fig. 22f). These upregulated genes included Abhd6, Ophn1, P2rx7, Pld1, Sgce, Tgfbr1, Tfpi,
and Tmem173. We also identified several genes that were downregulated in CNS microglia
and PNS macrophages (Fig. 23). Notably, the transcriptional regulator that defines microglial
identity and function, Sall1, was not expressed by PNS macrophages (Fig. 22g). Modest
detection of Sall1 in the DRG could not be corroborated by further analysis (Fig. 24). This may
reflect unique adaptations in PNS and CNS macrophages. Indeed, we identified 72 genes,
including Sall1, which were highly specific to CNS microglia.

To examine unique gene expression in PNS macrophages, we identified transcripts that
were at least fourfold higher or lower in PNS macrophages compared with other resident
macrophages, including CNS microglia (Fig. 21g). We found 48 genes specifically enriched in
PNS macrophages, including Aplnr, Cp, Il1rl1, Maoa, Pla2g2d, and St8sia4, as well as
interferon-induced genes Ifi202b, Ifi211 and Oas2. We also identified Ms4a14, Ms4a4a,
Ms4a4c, Ms4a6c and Ms4a7. These signatures reveal unique transcriptional programming in
PNS macrophages and may provide clues about their involvement in neuronal health and
disease.
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Figure 23. Uniquely downregulated genes in neural resident macrophages. Heat map of
mRNA transcripts fourfold or more downregulated in CNS microglia and PNS macrophages
compared to conventional tissue-resident macrophages. Each box represents average of three
replicates.
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Figure 24. Sall1 expression in PNS macrophages. Flow cytometry analysis of GFP
expression in brain microglia, DRG macrophages, and sciatic nerve macrophages isolated from
Sall1-GFP/+ mice (red) and wild type controls (blue).

61

3.4 PNS macrophages express microglial activation genes
To investigate differentially expressed genes (DEGs) within resident neural
macrophages, we refined our analysis to CNS microglia and PNS macrophages (Fig. 25a). We
identified 396 genes enriched in PNS macrophages and 180 genes enriched in CNS microglia.
As the upregulation of MS4A family and interferon-induced genes has been reported to
characterize aged and neurodegenerative disease-associated microglia106,121, we wondered
whether PNS macrophages expressed other genes associated with microglial activation. By
cross-referencing published data106, we determined the number of connections between
disease-associated genes that were upregulated in activated microglia from aging, phagocytic,
and neurodegenerative conditions and neural macrophage-enriched genes from either PNS
macrophages or CNS microglia (Fig. 25b). We found 148 disease-associated genes that were
enriched in PNS macrophages compared to 17 that were enriched in CNS microglia (Fig. 25b).
From the highest connectivity groups 6 to 4, we identified 25 genes that were significantly
higher in PNS macrophages, including Ch25h, Anxa2, Cd52, Ifitm3, Cybb, Fxyd5, Igf1
and Apoe (Fig. 25c).

Microglia lacking certain genes for homeostatic regulation have also been found to shift their
gene expression towards an activated phenotype122,123. Sall1 has been identified as a
transcriptional regulator of microglia identity and function, with Sall1−/− microglia resembling
inflammatory phagocytes122. As PNS macrophages did not express Sall1 at steady state, we
examined whether genes that are reportedly dysregulated in Sall1−/− microglia showed the same
pattern of expression in PNS macrophages. Indeed, we found a high correlation between genes
enriched in PNS macrophages and Sall1−/− microglia, including Apoe, H2-Aa, Ms4a7, Clec12a,
Aoah and Cybb (Fig. 25d). These data suggest that, beyond the difference in Sall1-driven gene
expression, PNS macrophages may share common genetic regulators with CNS microglia.
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Figure 25. PNS macrophages constitutively express transcripts associated with
activated microglia. (a) Expression pattern of DEGs defined as PNS-enriched (red) or CNSenriched (blue). CNS microglia includes brain and spinal cord and PNS macrophages include
DRG, vagal, fascial, and sciatic nerves. (b) Circos plot showing the number of connections
(gene connectivity) between GSEA-scored genes from microglia in 6 neurodegenerative and
aging-associated conditions as defined in Krasemann et al. and neural macrophage-enriched
genes from either PNS macrophages (red) or CNS microglia (blue). (c) PNS- enriched genes
from connectivity groups 6–4 expressed as Log2 fold change (PNS macrophages/CNS
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microglia). (d) Expression plot comparing PNS macrophage-enriched genes (expressed as PNS
macrophage/CNS microglia Log2FC) and Sall1−/− microglia-enriched genes (expressed as
Sall1−/−/wild-type microglia Log2FC) from Buttgereit et al.; r, correlation coefficient; p, pvalue for linear regression analysis. (e) Representative immunohistochemistry in sciatic nerves
of CX3CR1GFP/+ mice showing DAPI (blue), GFP (green), MHCII (white), and Clec7a (red).
Scale bar, 50 μm.
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As microglia activation may occur under cell sorting conditions124, we were concerned
that the activation signature in PNS macrophages might be attributed to tissue preparation.
Thus, we stained freshly fixed peripheral nerves for Clec7a and MHCII, which are induced in
microglia across many activation states106,123,125. Resting PNS macrophages were clearly
marked by Clec7a and MHCII (Fig. 25e), suggesting that the signature obtained in PNS
macrophages is not a technical artifact that arose from activation induced by disaggregation of
tissue. Taken together, these data show that PNS macrophages constitutively express a wide
array of microglial activation genes, including genes upregulated by microglia after loss
of Sall1, implying the possibility of a shared microenvironment-sensitive regulation of gene
expression in resident neural macrophages.

3.5 Ontogeny of PNS resident macrophages
In addition to microenvironmental cues, ontogeny may also play an important role for
specifying microglial identity and function. Specifically, it has been shown that, compared to
naturally occurring microglia with yolk sac origin, monocyte- and hematopoietic stem cell
(HSC)-derived microglia display a more activated signature126,127. Thus, we sought to
determine PNS macrophage ontogeny by examining Flt3Cre × LSL-YFPfl/fl reporter mice (Fig.
26a), a strain that labels fetal monocyte and adult HSC-derived hematopoietic multipotent
progenitors and their progeny128,129. We found that ~26% of PNS macrophages across nerve
types appeared to be embryonically derived (YFP−) and 74% of PNS macrophages were HSCderived (YFP+) (Fig. 26b and 27).

To further examine the contribution of embryonic precursors to PNS macrophages, we
performed fate mapping using CSF1RMer-iCre-Mer × tdTomatofl/fl × CX3CR1GFP/+ double reporter
mice, which allows simultaneous visualization of tamoxifen-pulsed CSF1R-expressing

65

Figure 26. Shared and distinct developmental programs in PNS macrophages. a
Schematic and flow cytometric gating for analysis of YFP expression in PNS macrophages
from Flt3-Cre LSL-YFP sciatic nerves. b Comparison of YFP− macrophage ratios (expressed
as % YFP− cells of population) across neural resident macrophage populations, monocytes, B
cells, and T cells (n = 4−7 mice per group). c E8.5 tdTomato labeling and GFP expression in
brain (left panel), sciatic nerve (middle panel), and DRG (right panel) of CSF1RMer-iCre-Mer
× tdTomatofl/fl × CX3CR1GFP/+ mice. Scale bar, 100 μm. d Quantification of E8.5 tdTomato
labeling in brain, PNS, spleen, lungs, kidney, and blood from newborn pups (n = 2 mice for
blood analysis, n = 3 mice for tissue analysis). e Histological representation of PNS
macrophages in CCR2GFP/GFP sciatic nerves. Scale bar, 100 μm. f Quantification of CCR2+
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CSF1R+ macrophages in sciatic nerves in CCR2GFP/+ and CCR2GFP/GFP mice (n = 5 mice
per group). (g) Quantification of total CSF1R+ macrophages in CCR2GFP/+ and
CCR2GFP/GFP mice (n = 5 mice per group). h Flow cytometric gating and (i) analysis of
sciatic nerve macrophages from wild type (WT) and IL-34 knockout (KO) mice (n = 3 mice
per group). j Quantification of sciatic nerve macrophages in WT and IL-34 KO mice (n = 3
mice per group). Scale bar, 100 μm. k Representative imaging of WT and IL-34 KO sciatic
nerves. CSF1R staining in green. Scale bar, 120 μm. l In-situ hybridization in WT sciatic nerve
showing IL-34 colocalization with Prx-expressing Schwann cell. Scale bar, 50 μm. m CD11b
and CD45 expression in PNS macrophages from WT (red) and IL-34LacZ/LacZ (blue) mice.
For imaging quantification, at least three images were taken and analyzed from each tissue and
averages from each group were plotted. Each dot represents one mouse. All data are mean ±
SD. Data comparing wild type and knockouts analyzed by unpaired t-test. *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001; NS, not significant.
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Figure 27. Flow cytometric gating of blood and CNS populations in Flt3- Cre LSLYFP. Gating strategy for determining YFP- and YFP+ percentages in monocytes, B cells, T
cells, brain microglia, and PNS macrophages.
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macrophages and resident Cx3cr1+ macrophages. After giving tamoxifen at embryonic day 8.5
(E8.5), a developmental time point that labels yolk-sacderived macrophages, we checked
newborn pups for labeling. The PNS was fully populated with CX3CR1GFP/+ macrophages at
birth. In line with previous observations130, we observed partial labeling in 42% of brain
microglia (Fig. 26c,d). Labeling in PNS macrophages was 8% from SN and DRG, or roughly
one-fifth of the entire PNS macrophage population when normalized to microglia (Fig. 26c,d).
Less than 1% of macrophages were tdTomato+ in spleen, kidney, and blood, and only 3% of
lung macrophages were tdTomato+ (Fig. 28). These results demonstrate that the PNS is fully
populated by macrophages at the time of birth and that a subset of these cells is derived from
yolk sac progenitors.

Although monocyte entry into injured nerves depends on Ccr2131,132, it is not known
whether Ccr2 is required for seeding or maintaining the PNS macrophage niche. To address
this question, we quantified CSF1R+ macrophages in SNs of Ccr2 knock-in (Ccr2GFP/GFP) and
control (Ccr2GFP/+) mice. We observed no difference in PNS macrophage numbers between
Ccr2 knockouts and controls (Fig. 26e-g). However, although GFP+ cells were present in SNs
from Ccr2GFP/+ mice, GFP+ cells were almost entirely absent from Ccr2GFP/GFP mice (Fig. 26e,f
and 29). These observations suggest that Ccr2-dependent monocyte entry is not required to fill
or maintain the PNS macrophage niche, but may contribute to a modest subset of PNS
macrophages at steady state.

Given the resemblance between microglia and PNS macrophages, we wondered if IL34, an alternative ligand for CSF1R that contributes to CNS microglia homeostasis98,116,
likewise governs PNS macrophage numbers. We quantified PNS macrophages of IL-34
deficient mice (IL-34LacZ/LacZ) by flow cytometry and imaging. In the SN, the fraction of
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Figure 28. Embryonic day 8.5 labeling in blood and non-neuronal tissues. Flow
cytometric gating of tdTomato labeling in blood and representative imaging of spleen, lung,
and kidney of CSF1RMer-iCre-Mer x tdTomatofl/fl x CX3CR1-GFP/+ newborn pups pulsed
with tamoxifen at embryonic day 8.5. Scale bar, 100 μm.
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Figure 29. CCR2 is not required for seeding and maintaining PNS macrophages.
Representative imaging of total CSF1R+ and CCR2+ macrophages in sciatic nerve sections of
CCR2GFP/+ and CCR2GFP/GFP mice. Scale bar, 100 μm.
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CD45+ cells in the disaggregated nerve was reduced by a 30% (Fig. 26h-i), apparently owing
to more than 50% reduction in PNS macrophage density per nerve area, as examined by
imaging the intact nerve (Fig. 26j,k). In the DRG, we observed a reduction in macrophage
density of more than 35% (Fig. 30), underscoring significant dependence on IL-34 in multiple
PNS sites. Indeed, this fraction of loss resembles that observed in the CNS microglial
population98,116.

In the SN, we checked expression of IL-34 mRNA transcripts by in-situ hybridization
(ISH). Surprisingly, we found that Prx-expressing myelinating Schwann cells were a source of
IL-34 (Fig. 26l). In the absence of IL-34, PNS macrophages in the SN showed increased surface
marker expression of CD45 and CD11b, suggesting a shift in phenotype further away from
microglial characteristics (Fig. 26m). Taken together, these results reveal shared and unique
developmental programs, including instructive cytokines, between PNS macrophages and CNS
microglia.

3.6 Nerve environment shapes PNS macrophage signature
To investigate the extent to which PNS macrophage identity is specified by ontogeny
or nerve environment, we individually sorted YFP− embryonic-derived and YFP+ HSCderived PNS macrophages from SNs of Flt3-Cre LSL-YFPfl/fl mice and performed single-cell
RNA-seq (Fig. 31a). We captured a total of 935 YFP− cells and 3,186 YFP+ cells.
Unsupervised clustering analysis of all 4,121 cells revealed 5 separate clusters, with the
majority of PNS macrophages belonging to one major group (clusters 1, 2, and 3) and the
remainder falling into 2 smaller clusters (4 and 5) (Fig. 31b).
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Figure 30. DRG macrophages are reduced in IL-34 KO mice. Representative imaging
of Iba1+ macrophages (red) in DRG and quantification of macrophages. At least 3 images were
analyzed and averaged for each DRG (n = 3 mice per group). Scale bar, 100 μm. Unpaired ttest.
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Figure 31. Nerve environment shapes transcriptional identity of PNS macrophages. (a)
Schematic for isolation and separate single-cell RNA sequencing of YFP− embryonic and
YFP+ HSC-derived macrophages from sciatic nerves of Flt3-Cre LSL-YFPfl/fl mice. Two
single-cell libraries from YFP− and YFP+ macrophages were prepared using the 10× singlecell RNA-seq platform (Chromium Controller image provided by 10× Genomics). (b) t-SNE
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plot of 4121 CD64+ CD45int cells from pooled sciatic nerves (n = 18) showing unsupervised
clustering (left panel) and overlay of YFP− (red) and YFP+ (blue) populations (right panel).
(c, d) t-SNE plots depicting distribution of (c) transcripts relating to clusters in b and (d)
transcripts associated with microglial activation across combined embryonic and HSC-derived
PNS macrophages. (e) Violin plots of marker gene expression in YFP+ HSC-derived and YFP−
embryonic groups. (f) Flow cytometric identification of CCR2+ macrophages in a subset of
YFP+ macrophages. Gating is representative of at least seven nerves examined over three
separate experiments. (g) Representative imaging of a subset of Lyve1+ macrophages in Flt3Cre LSL-YFPfl/fl mouse sciatic nerve. Scale bar, 100 μm.
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Although we observed a significant overlap of YFP− and YFP+ macrophages in
clusters 1, 3, 4, and 5, cluster 2 contained mostly YFP+ macrophages (Fig. 31b). Interestingly,
cluster 2 was defined by Ccr2 expression, which is consistent with this subset arising from
circulating precursors (Fig. 31c). Indeed, we confirmed by flow cytometry that CCR2+ PNS
macrophages were only found in the YFP+ fraction (Fig. 31f). We also observed varying
heterogeneity between the overlapping clusters (Fig. 31c). For instance, cluster 5 was easily
distinguished by proliferation genes Mki67 and Top2a. Cluster 4 was also relatively distinct
and showed enrichment for Ly6e, Ninj1, Retnla, and Wfdc17, potentially representing a
previously undescribed activation state. Cluster 3 selectively expressed early activation
genes Fos, Jun, and Egr1. Cluster 1 was slightly enriched for Lyve1 expression compared to
cluster 2 (Fig. 31c). We confirmed Lyve1 expression in a subset of PNS macrophages by
immunostaining (Fig. 31g). Interestingly, we also saw axonal expression of YFP in Flt3-Cre
LSL-YFP mice (Fig. 31g), which is in accordance with previous findings that Flt3 is expressed
in neurons and may play a role in neural stem cell proliferation and survival133.

Despite the identification of separate clusters in our data, we observed no obvious
difference in the expression of PNS macrophage-enriched or microglial activation-associated
transcripts between the main clusters. Specifically, Apoe, Cp, H2-Aa, Cd74, Ms4a6c, Ifitm3,
Anxa5, Cybb and Cd52 were nearly identical between clusters 1, 2, and 3 (Fig. 31d). We also
observed no difference in Cx3cr1 and Trem2 between these clusters. Importantly, all of these
genes were similarly expressed between YFP− and YFP+ macrophages (Fig. 31e). We
conclude that embryonic- and HSC-derived PNS macrophages are transcriptionally similar and
that the nerve environment confers a predominant effect over developmental origin on PNS
macrophage identity.
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3.7 Discussion
Here we characterized the transcriptomes of PNS resident macrophages across various
nerve types spanning both axons and cell bodies and innervating a wide range of somatic
targets. We show that self-maintaining PNS macrophages lack expression of the master
regulator Sall1 conferring CNS microglial identity, but nonetheless express a substantial
number of genes that define homeostatic and activated microglia. Similar to microglia, PNS
macrophages were also partially dependent on IL-34. The convergence of both HSC-derived
and embryonic PNS macrophages into a single population at steady state underscores the
importance of tissue environment for specifying PNS macrophage identity.

Our findings demonstrating that PNS macrophages share a significant overlap in gene
expression with CNS microglia are in line with recent findings that show microglial genes
being expressed in nerve-associated macrophages in gut, skin, and adipose tissues117,118,134.
Given that our study focuses on PNS macrophages residing in the nerve proper whereas these
studies examined macrophages positioned in close proximity to nerves, including nerve
termini, it seems likely that common tissue-derived factors may induce nerve-imprinted
signatures in macrophages along the entire neuron. One such factor may be transforming
growth factor-β (TGF-β). TGF-β signaling is vital for the expression of homeostatic genes in
microglia102. The higher expression of Tgfbr1 in PNS macrophages and CNS microglia at
steady state supports the role of TGF-β signaling in neural resident macrophages.

Although common instructive signals may exist, Sall1 expression was very low to
absent in PNS macrophages. This likely represents a key difference in PNS and CNS nerve
environments. The identification of additional genes that were purely expressed in CNS
microglia may provide clues for the basis of this difference. Future studies should address
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genetic and environmental factors that regulate Sall1 expression and examine whether it is
expressed in a context-dependent manner in PNS macrophages.

The constitutive expression of a broad set of microglial activation genes in PNS
macrophages and, to a lesser degree, in spinal cord microglia suggests that such programs may
be intrinsic to their functioning in distinct neuronal environments. Indeed, it was found that
sympathetic nerve-associated macrophages and macrophages at CNS interfaces also appear to
be constitutively activated117,135,136. In addition, an overlap in many of the same activation
genes are induced in phagocytic microglia localized to white matter tracts during brain
development137. In addition to their role in phagocytic functions, activation-associated genes
may also play a role in pathogen response. This is supported by the recent finding that nerveassociated macrophages residing in lungs readily respond to viral infection. Further studies are
needed to determine whether immune response to pathogens or phagocytic and tissue
remodeling programs are more prevalent at steady state in PNS macrophages.

Although the connection between neurodegeneration and immune response has become
increasingly apparent, how distinct expression patterns relate to neuronal disease,
development, and homeostasis remains a mystery. Ontogeny seems to be an important factor,
as shown by several studies that found upregulation of disease-associated genes and neurotoxic
functions in transplanted cells with hematopoietic origin126,127. Our results show that both
embryonic and HSC-derived PNS macrophages exist as transcriptionally similar populations
in adult nerves regardless of origin, thus suggesting a more important role for nerve
environment than ontogeny in programming neural resident macrophages at specific sites.
Moreover, as PNS macrophages are a naturally occurring population rather than a population
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recruited in response to injury or pathology, they serve as a useful standard of comparison in
the context of normal physiological function.

Up to now, the brain and spinal cord of the CNS are the only tissues thought to possess
microglia. Our comparison of resident macrophages from both PNS and CNS challenges this
notion and supports the idea that some microglial features and transcriptional programs are
shared in macrophages across the nervous system, whereas critical features remain distinct.
The increasing amount of transcriptomic data on microglia and nerve-associated macrophages
from different tissues and across organs presents opportunities for novel discoveries that may
be applied to neurodegenerative conditions and beyond.

3.8 Materials and methods
Experimental animals
Mouse care and experiments were performed in accordance with protocols approved
by the Institutional Animal Care and Use Committee at Washington University in St. Louis
under the protocols 20170154 and 20170030. Mice were kept on a 12 h light–dark cycle and
received food and water ad libitum. The following strains were used: C57/B6 CD45.1 (stock
number 002014), CX3CR1GFP/+ (Cx3cr1tm1Litt/LittJ; stock number 008451), LysMcre/+ (stock
number 004781), and RosaLsl-Tomato (stock number 007905) mice were purchased from Jackson
Laboratory (JAX) and bred at Washington University. CSF1RMer-iCre-Mer mice138 were obtained
from JAX (stock number 019098) and backcrossed fully to C57BL/6 background using the
speed congenics core facility at Washington University. MPZ-Cre mice, previously
described139, were crossed with CX3CR1GFP/+ mice. Flt3-Cre LSL-YFPfl/fl128 mice were kindly
provided by D. Denardo, CCR2gfp/+ (B6(C)-Ccr2tm1.1Cln/J, (JAX stock number 027619) mice
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were kindly provided by K. Lavine, IL34LacZ/LacZ mice were previously described and generated
at Washington University98, and Sall1-GFP mice122,140 were kindly provided by M. Rauchman.

Immunohistochemistry
For whole-mount imaging, samples were harvested and immediately stored in 4%
paraformaldehyde (PFA) containing 40% sucrose overnight. Samples were then washed in
phosphate-buffered saline (PBS), blocked, stained, and imaged. For frozen sections, samples
were

collected,

stored

in

PFA/sucrose,

and

embedded

into

optimal

cutting

temperature compound. Fifteen-micrometer cuts were made for SNs. Sections were then
blocked in 1% bovine serum albumin, stained, and imaged. Antibodies to the following
proteins were used: anti-GFP, Clec7a (Clone R1-8g7), CSF1R (R&D Systems, accession
number P09581), MHCII (IA/IE clone M5/114.15.2), and LYVE1 (ab14917).

Preparation of single-cell suspensions
For blood, mice were bled from the cheek immediately before killing and cells were
prepared as previously described. For nerves and all other tissues, mice were killed and
perfused with PBS. Nerves were collected and kept on ice until dissociation. For ImmGen
samples, nerves from 4 to 20 mice were pooled for each replicate. Cells were then incubated
with gentle shaking for 20 min in digestion media containing collagenase IV, hyaluronidase,
and DNAse. Cells were then washed and filtered through 70 μm cell strainers. For brain and
spinal cord, myelin was removed using a 40/80% Percoll gradient.

Flow cytometry
Single-cell suspensions were stained at 4 °C. Dead cells were excluded by propidium
idodide (PI). Antibodies to the following proteins were used: B220 (clone RA3-6B2), CCR2

80

(clone SA203G11), CD3e (clone 145-2C11), CD4 (clone RM4-5), CD8 (clone 53-6.7), CD11b
(clone M1/70), CD16 (clone 2.4G2), CD45 (clone 30-F11), CD64 (clone X54-5/7.1), CD115
(clone AFS98), GR1 (clone 1A8), and Ly6C (clone HK1.4). Cells were analyzed on a LSRII
flow cytometer (Becton Dickinson) and analyzed with FlowJo software.

Cell sorting
For bulk RNA-seq, cells from 6-week-old male mice were double sorted on a
FACSAria II (Becton Dickinson) for a final count of 1000 cells into lysis buffer according to
the ImmGen Consortium standard operating protocol. Tissues were collected into culture
medium on ice and subsequently digested with collagenase IV, hyaluronidase, and DNAse.
Following digestion, samples were washed and kept on ice until sorting. The sort was repeated
so that all macrophages were sorted twice, with a minimum of 1000 cells recovered. During
the second round, cells were sorted directly into 5 μl TCL buffer (Qiagen) containing 5% betamercaptoethanol. Samples were kept at −80 °C until further processing. For sorting in
preparation of the Flt3-Cre LSL-YFP single-cell Seq experiments, SNs from 19 male mice
aged 10–12 weeks were combined and CD64+ CD45int macrophages were sorted individually
into YFP+ and YFP− groups, yielding 18,000 and 5,000 cells, respectively. Both groups were
immediately run on the 10× Genomics Chromium Controller according to the manufacturer’s
protocol.

Parabiosis
Parabiotic pairs were generated as previously described46. C57/B6 (CD45.1) mice
were paired with Lyz2Cre tdTomato (CD45.2) mice. Mice were injected with buprenorphineSR subcutaneously prior to surgery. After 10 weeks, mice were killed and nerve tissue was
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examined by flow cytometry and imaging to detect hematopoietic contribution to PNS resident
macrophages. T cells in blood was used as a positive control.

Pulse chase
Male and female heterozygous CSF1RMer-iCre-Mer tdTomato were fed tamoxifen
diet for 4 weeks to label resident cells. Blood was collected at day 0, 3 weeks, 4 weeks, and 8
weeks after tamoxifen removal. Peripheral nerves from SNs, FNs, VNs, and DRG were pooled
(PNS) and examined along with pooled brain and spinal cord (CNS) by flow cytometry at day
0 and 8 weeks following tamoxifen removal.

RNA-seq and data analyses
Library preparation, RNA-seq, data generation and quality-control was conducted by
the

ImmGen

Consortium

according

to

the

consortium’s

standard

protocols

(https://www.immgen.org/Protocols/ImmGenULI_RNAseq_methods.pdf). In short, the reads
were aligned to the mouse genome GRCm38/mm10 primary assembly and gene annotation
vM16 using STAR 2.5.4a. The raw counts were generated by using featureCounts
(http://subread.sourceforge.net/). Normalization was performed using the DESeq2 package
from Bioconductor. Differential gene expression analysis was performed using edgeR 3.20.9
in a pairwise manner among all conditions, and a total of 12,240 DEGs were defined with a pvalue ≤ 0.001 and ≥4-fold difference. To construct the correlation plot, Euclidean distance
among samples were calculated based on the differential expression matrix and clustering was
performed using the ward.D2 algorithm in R. CNS/PNS shared, PNS-specific, and CNSspecific genes were determined by subclustering the DEGs based on the expression pattern
with a refined k-mean clustering using R followed by manual curations. For neuronal
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microenvironment analysis, only the transcriptome profile of macrophages and microglia from
PNS and CNS were used and analyzed through the same pipeline as mentioned above.

Comparison of published microglia data. External datasets for circos plot were
obtained from Krasemann et al.106. Genes that are enriched in SOD1G93A, aging brain, MFP2−/−,
brain irradiation, AD (5XFAD), and phagocytic microglia conditions were previously
generated in Krasemann et al. By comparing the PNS- and CNS-enriched genes with the
disease signatures, we were able to define the number of conditions shared by the genes and
coined the term as “connectivity”. Only genes with connectivity of two or above are shown in
the circos plot. For the comparison with Sall1−/− data set120, the log2 fold change of genes
between CNS microglia and PNS macrophages were calculated and compared against the
public data set. Correlation coefficient and p-value were calculated by lineregress in Scipy
using Python3.

Embryonic labeling
Homozygous CX3CR1-GFP female mice were rotated daily with CSF1RMer-iCreMer

tdTomato male mice and checked for plugs in the morning. Plug-positive females were

administered 1.5 mg of 4-Hydroxytamoxifen (Sigma, catalg number H6278) and 1 mg of
progesterone (Sigma, catalog number P0130) dissolved in corn oil by oral gavage 8 days
following identification of plugs to pulse the embryos at embryonic 8.5 days. Following birth,
pups were immediately sacrificed. Blood was collected for flow cytometric analysis and tissues
were fixed in PFA/sucrose for imaging.

In-situ hybridization
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RNA ISH was performed using the ViewRNA Tissue Assay Core Kit (Invitrogen,
catalog number 19931) according to the manufacturer’s instructions, with a probe set designed
for IL-34 (VB1-14592-VT) and Prx (VB6-3201318-VT). Probe sets were purchased from
ThermoFisher.

Cell preparation, 10× single-cell library preparation, sequencing, and analyses
A total of 4500 Flt3-negative and 16,000 Flt3-positive cells were loaded to separate
lanes of the 10X Chip for preparation of two single-cell libraries. The library preparation was
performed according to the manufacturer’s instructions (Chromium Single-cell v2; 10×
Genomics, USA). A total of 153 M and 174 M reads were sequenced for Flt3-negative and
Flt3-positive libraries, respectively, using Illumina HiSeq2500. Reads were mapped by using
the cellranger pipeline v2.1.1 onto the reference genome grcm38/mm10. We filtered cells for
those with ≥50,000 mapped reads, leaving ~1k Flt3-negative and 4k Flt3-positive cells.
Downstream analyses were performed by using the package Seurat2 in R.
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4. Uncovering motor-associated Schwann cells in
peripheral nerves at single nuclei resolution

The work described in this chapter has been submitted for publication.
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4.1 Introduction
Given the critical support roles of SCs in nerve health, there have been long-standing
questions about the heterogeneity of SCs. For example, it has been proposed that different subtypes of SCs could produce unique growth factors to support motor or sensory nerve types14,141.
One interesting observation first reported 30 years ago is that upon axonal injury, when given
equal access to motor and sensory nerves, the motor axon has a high tendency to regenerate
down the motor pathways9–12. A long sought-after hypothesis is that motor-SC phenotype
defines the microenvironment and guide motor-specific axonal regeneration. While there have
been attempts to define transcriptional signatures in motor and sensory nerves13,14, these gene
signatures were deduced from entire nerves, which contain not only SCs, but a host of other
cell types, including stromal cells, endothelial cells, and immune cells. To date, there is no
specific SC subtype reported that would preferentially ensheath motor or sensory axons.

Understanding energy metabolism in neuro system is becoming increasingly important
as it has been identified repeatedly as the source of many neurological disorders. One key
observation is that the CNS glia – astrocytes has been found to have an active role in providing
nutritional support the axons through lactate-shuttling142. This is known as the “astrocyteneuron lactate shuttle hypothesis” (ANLS), proposed by Magistretti and Pellerin143 in 1996. In
accordance to ANLS, Feldman et al has also suggested that glycolytic SCs also readily produce
lactate to be shuttled from SCs to axons to support the high metabolic demand and perturbation
of this process could be the reason of diabetic neuropathy84. More interestingly, Babetto et al
has reported that upon axon degeneration, SCs will protect injured axons by initiating a
dramatic glycolytic upregulation144. Disruption of lactate transporter in SCs has also shown to
affect axon innervation of motor end-plate145. With multiple axon types such as motor and
sensory axons present in the PNS, it remains unclear that whether different axon types will
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have specific requirements for energy support. In this chapter, I will discuss the discovery of
the multiple SC subtypes, including a subtype characterized by expression of Pmp2, Adamtsl1
and Cldn14 that preferentially myelinates motor axons that innervates fast-twitch muscle
fibers. We further showed that these motor-associated SCs are significantly reduced in motor
neuropathy models and in human ALS samples. Our analysis of peripheral nerve single nuclei
transcriptomes reveals previously unappreciated cell diversity that will support better
understanding of nerve biology and the treatment of peripheral nerve disorders.

4.2 Analysis of Mpz+ cell-enriched transcriptional profiles
identifies a novel Schwann cell subtype
We sought to use our nerve single cell dataset to search for subpopulations of mSCs or
nmSCs. We merged the sciatic nerve Act-Sun1 and Mpz-Sun1 snRNA-seq data sets and reclustered only cells identified as SCs to obtain a more refined view of this population. The
sciatic nerve SC-enriched dataset, which contains information from 10,253 nuclei, revealed six
distinct subsets of myelinating and non-myelinating SCs (Fig. 32a). The nmSCs, which
comprise 26.2% of the glia, were segregated into two clusters, with cluster 4 expressing Scn7a
and Csmd1 and cluster 5 expressing additional unique markers including Marcks and Prnp
(Fig. 32a). The mSCs, which comprise 73.7% of all glia, were further segregated into four
clusters, with cluster 0 expressing high levels of Plp1 and cluster 2 expressing collagen protein
Col23a1. The Slit2-high population from global analysis further separated into two clusters,
with cluster 1 expressing Lmna and myelination-related transcription factor Egr2, and cluster
3, which is defined by co-expression of the integral membrane protein Cldn14, the secreted
protein Adamtsl1, and the myelin protein Pmp2.
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Figure 32. Identification of Schwann cell subpopulations using multiple transcriptional
profiling approaches. Clusters comprising Schwann cells from the ActB-Sun1 and Mpz-Sun1
sciatic nerve atlases were merged to generate a combined Schwann cell atlas. (a) tSNE plot of
10,253 nuclei is shown (middle) with 2 clusters containing cells expressing markers of nmSCs
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and 4 clusters with expression profiles consistent with mSCs. Markers highlighting
subpopulations of nmSCs are shown in top red box (Prnp, Dbi, B2m and Marcks) with
sCluster5 exhibiting high expression of these 4 genes. Markers highlighting subpopulations of
mSCs are shown in bottom blue box (sCluster0: Plp1; sCluster1: Lmna; sCluster3: Col23a1,
Cldn14, Adamtsl1 and Pmp2). (b) Comparison of total nerve RNAseq vs Mpz+ cell ribosome
affinity (Ribo-Tag) RNAseq data analysis of sciatic and vagus nerve reveals 3 sets of Mpz+
enriched genes: (i) mSC-enriched genes from sciatic nerve (red), (ii) nmSC-enriched genes
from vagus nerve (blue) and (iii) co-enriched genes (green). Each dot represents a gene, and its
relative position on the plot indicates the level of enrichment in the ribosome affinity RNAseq
(Mpz+ cells) dataset relative to total nerve RNA-seq dataset. (c) Differential expression (DE)
analysis comparing vagus and sciatic nerve Mpz+ ribosome affinity RNAseq data reveals
signatures of myelinating and non-myelinating specific genes (left). Markers of Schwann cell
subtypes derived from snRNAseq sciatic nerve atlas display distinct profiles in mSC vs. nmSCenriched datasets (right). (d) KEGG-based expression module analysis of SC subpopulations.
Cldn14/Adamtsl1/Pmp2+ SCs are enriched for NAD and pyruvate metabolic pathways, as well
as axon guidance signaling pathway. (e-h) Expression patterns of Cldn14, Pmp2, Adamtsl1 and
Prx were established using RNA-FISH. Red arrows indicate red signal, green arrows indicate
green signal, orange arrows indicate co-localization of red and green signals. Both Pmp2 (e)
and Adamtsl1 (f) are expressed in subpopulation of mSCs (marked by Prx). Cldn14 (g) and
Adamtsl1 (h) expression overlapped extensively with Pmp2. Scale bar=50um.
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Because sub-clustering analysis is susceptible to noise that can cause artifacts in single
cell differential gene expression analysis146, we sought to compare our snRNA-seq data with
bulk gene expression data from mSC and nmSC-enriched cell populations in order to
contextualize our findings regarding different SC subtypes. For this purpose, we crossed
RiboTag mice147 to Mpz-Cre mice to generate Mpz-RiboTag mice that express epitope-tagged
ribosomal protein RPL22HA in cells that expressed MPZ. We performed ribosome-affinity
purification from nerves of these mice and generated RNA-seq data (Fig. 33). The majority of
glial cells in sciatic nerve are mSCs whereas those in vagus nerve are nmSCs (Fig. 32d). Thus
the Mpz-RiboTag approach allows us to identify genes that are differentially expressed in mSC
or nmSC by comparing relative expression between these two nerves (Fig. 32b,c). By
comparing the SC subpopulation marker genes identified in our snRNAseq analysis with these
Mpz-RiboTag datasets, we showed that several of the unique mSC genes, including Slit2,
Col23a1, Adamtsl1, Cldn14, and Pmp2, were significantly higher in ribosome-associated
transcripts from sciatic nerve (mSC-enriched) (Fig. 32c). In contrast, nmSC markers identified
by peripheral nerve snRNAseq, including Scn7a, Prnp, Dbi, and Marcks, were present at high
levels in vagus nerve (nmSC-enriched) RiboTag datasets (Fig 32c). This analysis confirms the
single nuclei-derived SC transcriptional signatures that we used to identify SC subpopulations.

To examine biological differences across these SC clusters, we defined 298
transcriptional modules based on metabolic and signaling pathways from KEGG database148
and calculated a module expression score for each nucleus in the SC-atlas. We then derived an
aggregated expression z-score for each SC cluster to determine whether a putative SC
subpopulation differentially expresses a particular module (Fig. 32d). Using this analysis, we
detect profound differences in mSCs vs. nmSCs, with pathways such as cell junction formation
and carbon metabolism highly expressed in mSCs and expression of neurotrophin signaling
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Figure 33. Sample correlation plot showing global transcriptomic analysis and
unsupervised clustering of Ribo-Tag and bulk RNA-seq of sciatic nerves. Each box represents
one replicate; 3 replicates were included for each condition.
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and neuroactive ligand-receptor interactions increased in nmSCs. The mSC-cluster 3
(Pmp2/Cldn14/Adamtsl1+) showed higher scores related to axon guidance, NAD metabolism
and pyruvate metabolism compared to other mSCs (Fig. 32d). Interestingly, motor neurons can
readily take up lactate for energy metabolism through coupled-monocarboxylate transporters
expressed on both glia and neurons149. In accord, mice with a SC-specific deletion of MCT1
display motor axon defects and disrupted neuromuscular innervation145. This led us to pursue
additional experiments to determine whether the SC-cluster 3 could be important in defining
a motor nerve environment9–13,141.

4.3 Cldn14,

Adamtsl1

&

Pmp2

are

co-expressed

in

a

subpopulation of myelinating Schwann cells associated with
thick myelin sheaths
While there has been speculation regarding the possibility that SC subpopulations could
influence the path of regenerating motor vs. sensory axons9–13,141, previous transcriptome
studies were unable to identify motor-specific or sensory-specific SC populations13,150,151. To
confirm mSC-cluster 3 represents a subpopulation of mSCs, we first performed RNA-FISH to
examine the expression of Adamtsl1, Cldn14, Pmp2, and the mSC marker Prx. We found that
these three transcripts are all detected exclusively in cells expressing the pan-mSC marker
Prx152. We also found that Adamtsl1 and Cldn14 are each co-expressed with Pmp2 (Fig. 32e,
f), and that Pmp2 as well as Adamtsl1 are expressed in only a fraction of Prx+ cells (Fig. 32g,h),
confirming that these cluster3 markers define a subpopulation of mSCs.

To further explore this unique population of mSCs, we performed immunofluorescence
(IF) staining on cross sections of sciatic and tibial nerves. We used antibodies against b-tubulin
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III (b-tub) to highlight axons, MBP to label all mSCs, and PMP2 to highlight the cells
corresponding to SC-cluster 3 (Fig. 34a,b). This analysis confirmed that PMP2 is only
expressed in a subpopulation of MBP+ mSCs, consistent with previous observations153. In
analyzing these images, we noticed that the PMP2+ myelin sheaths are exceedingly thick and
morphometric analysis revealed that PMP2+ cells tend to preferentially surround large axons.
To confirm these findings, we calculated G-ratios (axon diameter/myelin diameter) of PMP2+
vs. PMP2- SC-associated fibers. This analysis demonstrated that PMP2+ SCs are associated
with thicker myelin as noted by significantly smaller G-ratio of PMP2+ myelinated axons (ttest p<0.0001) (Fig, 34c,e). We also found that PMP2+ SCs myelinate larger axons in both
sciatic and tibial nerves (Fig. 34d, f; t-test p<0.0001). We next extended our observations to
human sciatic nerve samples and again found that PMP2 marks a subpopulation of mSCs.
Indeed, PMP2 is expressed similarly in human and mouse nerves, with PMP2+ SCs associated
with thickly myelinated axons (n=3, Fig. 34g). These immunolabeling and morphometric
analyses using defined markers of cluster3 mSCs demonstrate that these cells represent a
subpopulation of mSCs present in both mouse and human nerves.
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Figure 34. PMP2+ SC subpoulation is associated with thickly myelinated axons. (a,b)
Immunostaining of (a) sciatic and (b) tibial nerve cross-sections with antibodies reognizing
myelin basic protein (MBP) (marks mSCs), PMP2,

-tubulin (pan-axon marker) and DAPI

(scale bar = 30 um). b-tubulin is used for quantification of axon diameter. The color scheme is
identical for both sciatic and tibial nerve images, with MBP in red, PMP2 in cyan, b-tubulin in
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green and DAPI in blue. Note that PMP2 ensheathes only a subpopulation of axons, and the
thicker myelin sheaths surrounding PMP2 associated axons are apparent (scale bar = 30 um).
(c-f) Pmp2+ SCs are morphologically distinct. (c, e) Scatterplot illustrating the G-ratio vs axon
diameter in Pmp2+ SCs vs Pmp2- SCs in (c) sciatic and (e) tibial nerve. The G-ratio distribution
of Pmp2+ SCs is significantly smaller (thicker myelin) than that of Pmp2- SCs (n= 3,
p<0.0001). (d,f) Binned bar graph showing average diameter of axons associated with Pmp2+
SCs is significantly larger than diameter of those associated with Pmp2- SCs in sciatic (d) and
tibial (f) nerve (n=3, P<0.0001). (g) Human sciatic nerve cross-section immunostained for
MBP and PMP2 (scale bar = 100 um). Note axons ensheathed by PMP2+ SCs are more thickly
myelinated than those myelinated by PMP2- SCs (small panel, right).
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4.4 PMP2+ Schwann cells preferentially ensheath motor axons
Motor axons are generally large diameter axons that are thickly myelinated in order to
speed up signal propagation. The correlation of Pmp2+ SCs with larger axons that are
ensheathed by thick myelin caused us to consider whether these SCs might preferentially
myelinate motor axons. We first examined the abundance of Pmp2+ SCs in the nerves included
in our peripheral nerve atlas: the sciatic nerve, a mixed nerve containing both motor and sensory
axons; the sural nerve, a sensory-specific nerve; and the vagus nerve, an autonomic nerve
containing mostly unmyelinated axons. We performed sub-clustering analysis using Seurat
(Fig. 35a), and found that Pmp2+ SCs are almost 3-fold enriched in the sciatic nerve compared
to sural and vagus nerves (sciatic: 18.7%, sural: 6.6%, vagus: 7.6%; Fig. 6b), suggesting that
Pmp2+ SCs could be associated with motor axons. To further examine this idea, we performed
immunostaining on the femoral nerve, which is largely composed of motor axons, and sural
nerve. We found that Pmp2+ fibers make up a much higher proportion of total myelinated axons
in the femoral nerve (motor environment) than in the sural nerve (sensory environment) (Fig.
35c, d).

To quantify Pmp2+ SCs in peripheral nerves and illustrate their association with motor
axons, we crossed choline acetyl transferase (ChAT)-Cre mice154, which express Cre
recombinase in motor neurons, with ROSA-tdTomato (tdT) reporter mice to produce reporter
mice that express tdTomato in motor axons (Fig. 36). We monitored tdT fluorescence in sciatic,
femoral, and sural nerves, and found that 30.6%, 60.3%, and 12.1% of axons are ChAT+,
respectively (n=3, Fig 35e-g). We saw a similar Pmp2+ SCs distribution in sciatic (19.5%),
femoral (44.4%) and sural (5.5%) nerves (Fig. 35h), indicating that Pmp2+ SCs are strongly
correlated with motor axon abundance. We further examined the association of Pmp2+ SCs
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Figure 35. PMP2+ Schwann cells preferentially ensheath motor axons. (a, b) SC-specific
subclustering of peripheral nerve atlas. (a) UMAP plot of SC populations isolated from the
unified peripheral nerve atlas. Identical clustering results are presented with 4 different mSC
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subtypes and 2 different nmSC sub-types. Marker genes of each SC subtype are also shown in
dashed box. (b) Bar plot showing relative proportion of each mSC subpopulation in sciatic,
sural and vagus nerves. (c, d) PMP2 (cyan) and MBP (red) immunostaining of longitudinal
sections of femoral (motor axon-enriched) and sural (sensory-axon enriched) nerves; DAPI
(blue). Overlap of PMP2 and MBP shown in white. (scale bar = 50 um). Note increased number
of PMP2+ SCs in femoral vs sural nerves. (e-g) Immunostaining of cross-sections of indicated
peripheral nerves from ChAT-Cre-tdTomato mice (red fluorescence, motor axons) with
antibodies for PMP2 (PMP2+ SCs, yellow) and b-tubulin (all axons, cyan). (scale bar = 50 um)
(h) Bar charts showing percentages of ChAT axons (ChAT/b-Tub), axons ensheathed by
PMP2+ SCs (PMP2/b-Tub), and PMP2+ SCs ensheathing ChAT+ axons (Pmp2+
ChAT+/Pmp2) in each nerve. Note that number of motor axons and PMP2+ SCs is highest in
femoral nerve, whereas the sural nerve has the lowest numbers of both ChAT+ axons and
PMP2+ SCs. The percentage of PMP2+ SCs associated with motor axons is ~75% in all nerves
examined. (i) Average diameter of ChAT+ axons in femoral nerve ensheathed by PMP2+ SCs
vs PMP2-.

98

Figure 36. Validation of ChAT-Cre-tdT expression specificity. Representative
expression of PMP2 (yellow) and ChAT-Ab (white) in ChAT-Cre-tdT (red) sciatic nerves. The
two panels on the right have shown almost complete overlap between the antibody (white) and
tdT reporter (red) for ChAT (scale bar = 50um). PMP2 preferentially ensheath sub-group of
ChAT+ axons.
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with ChAT+ axons across these three nerves, and found that, on average, 76% of Pmp2+ SCs
ensheath motor axons (Fig. 35h). However, not all motor axons are ensheathed by Pmp2+ SCs.
We found that femoral nerve has the highest percentage of motor axons ensheathed by Pmp2+
SCs (64.3%, Fig. 35d), whereas motor axons in sciatic and sural nerves are ensheathed by
Pmp2+ SCs at lower rates (45.7% and 28.7%, respectively) (Fig. 37). Additional morphometric
analysis of the femoral nerve showed that Pmp2+ SCs preferentially ensheath larger motor
axons while PMP2- motor axons were of smaller diameter (Fig. 35i). These observations raise
the possibility that subtypes of motor neurons with large diameter axons, such as alpha
motoneurons, are specifically myelinated by PMP2+ SCs.

4.5 Motor-associated PMP2+ Schwann cells could be supporting
alpha motor axons that innervates fast-twitch glycolytic
motor fiber through lactate shuttling
As glia cells are shown to maintain neuron homeostasis in the CNS through lactate
shuttling155, and the motor-associated SCs have unique transcriptional modules such as
pyruvate and NAD metabolism (Fig. 32d), we hypothesize that lactate metabolism could be
functionally important in motor-associated SCs. We therefore examined the transcriptional
modules and found that lactate dehydrogenase B (Ldhb), which is responsible for the
conversion of pyruvate and lactate, is highly expressed in motor-associated SCs (Fig. 38a).
Indeed, our group has also generated a Ldha/b SC-KO mouse with both Ldha and Ldhb
selectively removed in Schwann cells with Mpz-Cre mice. We showed that loss of lactate
dehydrogenase in SCs has led to a 60% reduction of lactate in nerves and the mouse exhibited
motor neuropathy phenotype with lower grip strength and increased in CMAP latency. Upon
examination of the motor-associated SCs in the sciatic nerve of a 1.5-year-old Ldha/b SC-KO
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Figure 37. ChAT+ axons are mostly ensheathed by Pmp2+ SCs Representative imaging
showing the expression of MBP (blue) and PMP2 (green) in ChAT-tdT (red) sciatic nerve.
Quantification of percentage of ChAT axons ensheathed by a Pmp2+ SCs in three different
nerve types.
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Figure 38. PMP2+ SCs provide metabolic support to large motor axons that innervates
fast-twitch muscle fiber. (a) tSNE plot showing expression of genes in pyruvate metabolism
pathways in the Schwann cell atlas. (b,c) IF experiments of PMP2 and b-TUB on sciatic nerves
of 1.5 year old Ldha/b SC-KO and age-matched control mice. (b) Sciatic nerve of control
mouse. (c) Sciatic nerve of Ldha/b SC-KO mouse. (d) Comparison of axon number and PMP2+
cells in sciatic nerve between Ldha/b SC-KO mouse and control mouse. (e) Schematic
illustration of retrograde tracing experiment. Fast Blue dye was injected at lateral
gastrocnemius of ChAT-tdT mice at Day 0, sciatic nerves were harvested at Day 7. (f,g) IF
experiments of PMP2, ChAT and Fast Blue on sciatic nerve of ChAT-tdT mice. Note the
consistent co-localization of Fast Blue dye and ChAT signals within the PMP2+ SCs.
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mouse, a strong reduction of motor-associated SCs (70.4%) was identified when compared to
age-matched control mice (Fig. 38b-d). These results suggest that motor-associated SCs could
have important functional roles in maintaining homeostasis of axons through lactate
metabolisms.

Previous studies have shown that by labelling motor axon subtypes can be achieved by
injecting retrograde dye into distinct muscle groups. The muscle fiber can also be classified
into fast-twitch glycolytic type and slow twitch oxidative type, and they are innervated by two
histologically distinct type of motor axons with different size and abundances. As the subset of
motor axons ensheathed by PMP2+ SCs has larger diameter (Fig. 35i), with a significant
reduction when lactate synthesis pathway is blocked, we speculate these motor-associated SCs
could be ensheathing alpha-type motor axons that innervate fast-twitch glycolytic muscle
fibers. As the lateral gastrocnemius (LG) has only 1% slow oxidative fibers and 69% fast
glycolytic fiber, we therefore injected a retrograde dye (Fast Blue) intramuscularly at LG in
ChAT-tdT mice and performed retrograde tracing of axons in sciatic nerve (Fig. 38e, n=3). We
dissected the sciatic nerve one week after the dye injection and performed IF staining. The Fast
Blue dye co-localizes well with the ChAT+ motor axons, and were seen to be ensheathed by
PMP2+ SCs (Fig. 38f,g). Interestingly, Llewellyn et al has previously shown that axons
innervating LG has larger diameter comparing to those innervating other muscles such as
soleus, which contains 58% of slow oxidative fibers with no fast glycolytic fiber. This agrees
with our finding that PMP2+ SCs preferentially ensheath large motor axons. While LG is only
one of the muscles that sciatic nerve is innervating, this strongly indicates that PMP2+ SCs
ensheath large axons that innervates fast glycolytic muscle fibers.
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4.6 Motor-associated PMP2+ Schwann cells are significantly
reduced in ALS SOD1G93A mice and ALS patient samples
The association of Pmp2+ SCs with motor axons led us to hypothesize that they could
be affected in disorders of motor neurons. We therefore studied the SOD1G93A mouse model of
amyotrophic lateral sclerosis (ALS), which develops a distal to proximal motor impairment
and motor neuron death156. We performed immunostaining with ChAT, b-Tub and Pmp2
antibodies to assess the abundance of motor axons and PMP2+ SCs in end-stage P140
SOD1G93A and age-matched control mice (Fig. 39a-f, n=3). In general, we detected a profound
reduction in Pmp2+ SCs in all SOD1G93A peripheral nerves examined that was well correlated
with the reduction in motor axons (Fig. 39g-i). As sural nerve contains only 10% motor axons,
the preferential depletion of PMP2+ SCs is most apparent in this nerve. This motor-asociated
SC subpopulation was dramatically decreased in the SOD1G93A sural nerve, in contrast to the
continued presence of other MBP+ SCs (Fig. 39j and Fig. 40). In femoral nerve, we could not
accurately count axons due to severe degeneration, however there was clearly greater than 50%
axon loss157–159. Interestingly, PMP2+ SCs attained a unique foamy phenotype in SOD1G93A
sciatic nerves, suggesting an accumulation of lipid droplets in the cell (Fig. 41). These results
are consistent with the idea that Pmp2+ SCs are preferentially associated with motor axons
including those that are vulnerable in ALS.

To extend our observations to human disease, we obtained samples of sciatic nerves
from 3 ALS patients as well as 3 controls with no peripheral neuropathy reported. The ALS
samples were from individuals aged 61 to 77 years old, with ALSFRS decline ranging from 3.02 to -5.7 (Table 1). We identified a substantial difference in the number of Pmp2+ SCs in
the ALS samples. While there is variability regarding the intensity of staining across
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Figure 39. Significant reduction of motor-associated Schwann cells in ALS SOD1G93A
mouse model. (a-f) Immunostaining for PMP2 (cyan),

-TUB (red) and ChAT (green) on

cross-sections of sciatic (a, d), sural (b, e), and femoral (c, f) nerves from P140 ALS SOD1G93A
and age-matched control mice. (scale bar = 50 um) (g, h). Quantification of motor axons
(ChAT) vs. total axons (b-TUB) in sciatic (g) and sural (h) nerves of P140 SOD1G93A and agematched control mice (n=3). Note that axons in ALS SOD1G93A femoral nerve are severely
degenerated and could not be reliably quantified. (i) Comparison of PMP2+ SCs in sciatic,
femoral and sural nerves between SOD1G93A and age-matched control mice (n=3). (j)
Immunostaining of PMP2 (cyan), b-TUB (red) and MBP (white) on cross-section of sural
nerve from P140 ALS SOD1 mouse. Note that Pmp2+ SCs are depleted while other SCs remain
(marked by MBP) (scale bar = 50 um).
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Figure 40. SOD1G93A mice has a significantly decrease of PMP2 expression in SCs.
Representative imaging of PMP2+ SCs (yellow), b-TUB+ axons (cyan) and MBP+ SCs (gray)
in sciatic, femoral, and sural nerves in SOD1G93A mice. Note that femoral nerve is severely
degenerated as shown by MBP staining. Sciatic nerve remains relatively intact with depletion
of PMP2, while sural nerve has intact axons with MBP+ SCs ensheathing them.
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Figure 41. PMP2+ Schwann cells in SOD1G93A mice exhibit foamy phenotype.
Representative imaging of PMP2+ SCs (cyan), b-TUB+ axons (red) and motor axons (green)
in sciatic nerve of SOD1G93A mice.
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Table 1. Pathology and clinical measurements of ALS patients
Type

Patient
ID

Gender Age ALSFRS Site of
Decline/ onset
month
F
61
-5.7 Bilateral
legs

Leg
weakness

EMG/NCS

Neuropathy

Yes, 2/5
Prox, 0/5
MRC

active, chronic denervation
and reinnervation in 3 body
regions (lumbar, thoracic,
cervical)

ALS
AU-64
patient

F

77

Yes, 4/5
MRC

Fibs/PSWs in tongue

ALS
AU-67
patient

F

69 N/A

spinal cord and lumbosacral spinal cord
evaluated- tract degeneration most
prominent in lateral and anterior
corticospinal tracts (N10, N11-LS spinal
cord)
Lumbosacral spinal tract and anterior
horn neuron abnormality,motor
neurons are atrophic but populations
are still maintained
neuronal loss and gliosis in anterior
horns of the spinal cord most notable
in the cervical region (N10,N11,N12)

ALS
AU-63
patient

-3.02 Bulbar

Right
leg

Wheelchair widespread denervation/
bound
reinnervation changes with
fasciculations in 3 body
regions (lumbosacral,
thoracic, cervical)

1

Table 2. Pathology of non-ALS patients
Type

Patient ID

Gender

Controls

AU-62

M

28 muscular dystrophy

Controls

AU-68

M

68 Parkinsonism

Controls

AU-96

M

62 Cervical myelopathy

Age

Diagnosis
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fascicles in controls and ALS samples, we never observed depletion of Pmp2+ fibers in control
fascicles (Fig. 42a-c), whereas this was common in the ALS samples (Fig. 42d-f). While the
mechanisms underlying the “dying-back” phenomenon in both SOD1G93A transgenic mice and
ALS patients are unclear, our observations indicate that maintenance of PMP2+ motorassociated SCs, or the expression of PMP2 itself, is decreased in ALS. This could be due to a
primary effect on these SCs, or perhaps, it reflects the loss of contact between these SCs and
motor axons.

4.7 Discussion
PMP2 is an abundant, primarily peripheral myelin protein that plays a role in
intracellular trafficking of lipids. PMP2 pathogenic variants are associated with autosomal
dominant CMT type 1160,161. Pmp2 knock-out mice have a minor reduction in motor nerve
conduction velocity, but no morphological abnormalities153. Pmp2 appears to spontaneously
induce the formation of myelin-like membrane multilayers162, which could be related to the
observation that Pmp2+ SCs ensheath larger axons with thicker myelin (smaller G-ratio).
Along with Pmp2, RNA-FISH experiments showed that the motor-associated SCs co-express
Cldn14, a component of tight junctions, and Adamtsl1, a thrombospondin-domain matrix
protein that serves as an axon guidance cue in C. elegans163. More importantly, we found that
PMP2 marks a SC population in human sciatic nerves with similar features to those in mouse.
Through the transcriptional modules, we identified unique metabolic and signaling signatures
of the motor-associated SCs, such as the pyruvate and NAD metabolism pathway. Lactate
shuttling has long been shown to play a key role in the metabolic support of axons in the CNS
by both astrocytes and oligodendrocytes through monocarboxylate transporters164 (MCTs), and
disruption of MCT1 affects the maintenance of motor end-plate innervation in PNS145. These

1

Figure 42. Pmp2-depleted fascicles identified in sciatic nerve of ALS patients. (a-c)
Immunostaining of cross-sections of human sciatic nerves with no peripheral neuropathy
reported. Only a sub-population of SCs expressed PMP2 across the three samples. (d-f)
Immunostaining of cross-section of human ALS sciatic nerve. PMP2+ staining is vastly
decreased in all three ALS samples. PMP2 (green), MBP (red), DAPI (blue).
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motor-associated SCs, with high pyruvate metabolism, could provide important metabolic
support of their adjacent motor axons.

Numerous experiments have demonstrated that motor axons preferentially regenerate
along motor-specific pathways9–13,141,165, leading to the hypothesis that SC subtypes define
specific microenvironments for motor or sensory nerves. We noted that PMP2+ vs. PMP2motor axons, particularly in the sciatic nerve, are clustered together and appear to reside in
‘sectors’. A similar “sectoring” pattern in the sciatic was detected by injecting a retrograde
dye into the lateral gastrocnemius muscle166. The innervation of this muscle is predominantly
by fast glycolytic fibers with much larger axon diameters than those of the soleus muscle, which
is predominantly innervated by slow oxidative fibers166. Taken together with the size
differential of PMP2+ axons, their spatial arrangement and transcriptional signatures, these
data suggest that motor-associated SCs may be preferentially ensheathing fast-twitch,
glycolytic motor fibers.

The ALS SOD1G93A model is a motor neuropathy caused by death of motor neurons167.
The strong reduction of motor-associated SCs in SOD1G93A mice agrees with the motor neuron
vulnerability in ALS, and suggests the maintenance of PMP2+ motor-SC identity is dependent
on contact with motor axons. Differential motor neuron vulnerability and resistance in ALS
has long been identified159,167,168, In the SOD1G93A mouse model168, muscles innervated by a
high percentage of fast-twitch type II fibers, such as the gastrocnemius, are affected earlier than
muscles innervated by slow-twitch fibers167,169. While we have shown motor-associated SCs
are preferentially depleted at end-stage of ALS, future studies of these PMP2+ SCs in cranial
nerves, where differential susceptibility in ALS is prominent in patients, could reveal important
insights on differential motor neuron vulnerability in this disorder.
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In summary, the existence of SC subtypes has long been speculated but the methods to
identify them have been technically challenging due to the complex, close apposition of the
glia cells with the axons they ensheath. We have made our dataset readily accessible through
our glia portal (https://wustlgenetics.shinyapps.io/glia-portal/), and anticipate it will stimulate
future discoveries and serve as a resource for peripheral neuropathy studies.

4.8 Materials and Methods
Experimental animals. Mouse care and experiments were performed in accordance
with protocols approved by the Institutional Animal Care and Use Committee at Washington
University in St. Louis under the protocols 20170154 and 20170030. Mice were kept on a 12hour light dark cycle and received food and water ad libitum. The following strains were used:
Sun1-sfGFP: B6.129-Gt(ROSA)26Sortm5(CAG-Sun1/sfGFP)Nat/J
Actb-Cre: B6N.FVB-Tmem163Tg(ACTB-cre)2Mrt/CjDswJ
Mpz-Cre: B6N.FVB-Tg(Mpz-cre)26Mes/J
Ribotag: Rpl22tm1.1Psam
Ngfr-GFP: Tg(Ngfr-EGFP)QU6Gsat
C57BL/6NTac
All mice used were from 8 weeks – 12 weeks old.

Sciatic and vagus Ribo-tag RNA extraction. The protocol was modified based on Sanz
et al147. Specifically, we generated Mpz-Cre:Ribo-Tag mice that, upon the expression of Mpz,
cells would express HA-tagged ribosomal protein RPL22. The mRNA of Mpz-expressing cells
from the nerve was then isolated by immunoprecipitation of polyribosomes with anti-HA and
subjected to RNA-seq. Both direct and indirect pull-down approaches were tested and indirect
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pull down was selected because of higher yields. Both sciatic and vagus nerves were dissected
from Mpz-Cre:RiboTag mice and immediately placed into PBS with RNaseIn and SuperaseIn
on ice. The epineurium of sciatic nerve was also carefully removed by forceps before placing
the remaining nerves into PBS. Upon dissection, the nerves were transferred to dissociation
media with TL liberase, RNaseIn and SuperaseIn for enzymatic dissociation for 15min at 37°C.
The cells were pelleted by spinning at 1500rpm for 5 min, homogenized using Dounce
homogenizer in Polysome buffer and then spin at 10,000g for 10min. Supernatant was then
collected, with HA antibody-coupled magnetic beads added to the cleared supernatant. After
an overnight incubation at 4°C, the magnetic beads that contained immunoadsorbed polysomes
were washed with a high salt buffer. mRNA was then extracted using the Qiagen RNA
extraction kit according to manufacturer’s protocol.

Sciatic and vagus bulk RNA extraction. Sciatic and vagus nerves were harvested from
C57/B6 mice and immediately placed into PBS with RNaseIn and SuperaseIn on ice, the
epineurium of sciatic nerve was carefully removed by forceps. The nerves were then transferred
to dissociation media with TL liberase, RNaseIn and SuperaseIn for enzymatic dissociation for
15min at 37°C. The cells were then pelleted by spinning at 1500rpm for 5 mins, homogenized
using Dounce homogenizer and then centrifuged at 10,000g for 10min. Supernatant was then
collected and mRNA extraction was performed using Qiagen RNA extraction kit according to
manufacturer’s protocol.

Ribo-tag and bulk RNA sequencing and analysis. Samples were prepared according
to Illumina library kit manufacturer’s protocol, indexed, pooled, and sequenced on an Illumina
HiSeq. Basecalls and demultiplexing were performed with Illumina’s bcl2fastq software and a
custom python demultiplexing program with a maximum of one mismatch in the indexing read.
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RNA-seq reads were then aligned to the Ensembl release 76 primary assembly with STAR
version 2.5.1a1. Gene counts were derived from the number of uniquely aligned unambiguous
reads by Subread:featureCount version 1.4.6-p5. Isoform expression of known Ensembl
transcripts was estimated with Salmon version 0.8.2. Sequencing performance was assessed
for the total number of aligned reads, total number of uniquely aligned reads, and features
detected. The ribosomal fraction, known junction saturation, and read distribution over known
gene models were quantified with RSeQC version 2.6.2. All gene counts were then imported
into the R/Bioconductor package EdgeR and TMM normalization size factors were calculated
to adjust for samples for differences in library size. Ribosomal genes and genes not expressed
in the smallest group size minus one sample greater than one count-per-million were excluded
from further analysis. The TMM size factors and the matrix of counts were then imported into
the R/Bioconductor package Limma. Weighted likelihoods based on the observed meanvariance relationship of every gene and sample were then calculated for all samples with the
voomWithQualityWeights. The performance of all genes was assessed with plots of the
residual standard deviation of every gene to their average log-count with a robustly fitted trend
line of the residuals. Differential expression analysis was then performed to analyze for
differences between conditions and the results were filtered for only those genes with
Benjamini-Hochberg false-discovery rate adjusted p-values less than or equal to 0.05.

Intercellular communication analysis on the peripheral nerve atlas. Cell-cell
interaction was predicted by a method similar to that described by Ximerakis et al170. A cell
communication interactome was created by collecting known protein-protein interactions
between receptor, ligand and extracellular matrix (ECM) proteins, based on information from
Baderlab’s CellCellInteractions interaction database (http://baderlab.org/CellCellInteractions).
Subpopulation of SCs, immune cells and epineurial fibroblasts were considered as a whole
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respectively. To predict cell-cell interactions, the ligand-receptor interaction datasets were
filtered for genes that were differentially expressed within the cell group (Seurat v2
FindMarkers function with ROC analysis or Wilcox Rank Sum test; p-value < 1e-40, foldchange > 0.5 for each cell type). We used CCInx R package (v0.5.1) for testing the marker
genes of each cell type against the databases. With this, the node and edge information was
given, with each node denoting a gene and each edge connecting two genes. We filtered the
edges by focusing on intercellular communication, intracellular edges were removed for this
analysis; The number of combinations was then calculated, structured and the circos plot data
was generated. We also performed Monte Carlo simulation by randomly permutating the genes
connecting by each edge repeated for 100,000 times, and determine the p-value of two cell
types having intercellular communication by chance using Python3. The circos plot was
generated using circos-0.69-6.

Comparative analysis on peripheral neuropathy GWAS. Peripheral neuropathy
GWAS data were downloaded from GWAS Central and the significant variants were curated
from both GWAS Central and the publications. Variants were represented by rsIDs, and the
coordinates of each rsID were identified on the human genome GRCh38.p7 by using vcftools
(v.0.1.17). The coordinates were converted to BED format by vcf2bed (v.2.4.39) and the
closest gene were identified by using closest-features (v2.4.39). We then identified the
corresponding mouse homolog by using the NCBI homologene database and Jackson’s
laboratory homolog database. The rsIDs were also categorized into genic or intergenic variants,
and the associated genes were crosschecked with the publications. We further determined if
the gene is expressed in the peripheral nerve atlas, and if it is, whether it is a signature gene of
certain cell types (differential gene expression analysis through Seurat FindMarkers function
with ROC analysis or Wilcox Rank Sum test; p-value < 1e-40, fold-change > 0.5 for each cell
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type). The data were visualized using Python (v3.7) and Morpheus from Broad Institute, celltypes without disease-associated genes were not included. Enrichment analysis was performed
using binomial test through R binom.test.

Comparative analysis on hereditary peripheral neuropathy conditions and
neurological disorders with peripheral neuropathy phenotype. A total of 360 hereditary
peripheral neuropathy genes and neurological disorder genes were curated from OMIM and
categorized into 4 categories based on the Mayo Clinic Laboratory classification. We identified
the corresponding mouse homolog by using the NCBI homologene database and the Jackson
Laboratory homolog database. We further refined the analysis by locating genes that are
signature genes within the peripheral nerve atlas (differential gene expression analysis through
Seurat FindMarkers function with ROC analysis or Wilcox Rank Sum test (p-value < 1e-40,
fold-change > 0.5 for each cell-type). A total of 41 genes identified, and 20 genes are visualized
as they are responsible for either hereditary peripheral neuropathy or neurological disorders
with peripheral neuropathy phenotypes. The data were visualized using Python (v3.7) and
Morpheus from Broad Institute. Enrichment analysis was performed using binomial test
through R binom.test.

RNA-FISH. C57/B6 mice were perfused with fresh PBS, the nerves were harvested,
immediately embedded into OCT, and flash frozen at -80C. 10 micron sections were prepared
from all nerve OCT blocks. To prepare the slides for ThermoFisher viewRNA protocol, slides
were fixed in 4% paraformaldehyde at 4°C overnight, dehydrated at 50%, 70% and 100%
ethanol for 10 min each, baked at 60°C for 30 min and rehydrated in RNA-grade PBS. The
remaining steps were performed according to manufacturer’s protocol.
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RNA-FISH probes

Type

Catalog #

Prx

6

VB6-3201318

Pmp2

6

VB6-3201222

Cldn14

6

VB6-3203943

Adamtsl1

6

VB6-3211532

Pdgfra

6

VB6-3197712

Ngfr

6

VB6-14648

Prx

1

VB1-3031403

Scn7a

1

VB1-18665

Ngfr

1

VB1-15831

Pmp2

1

VB1-3031301

Il34

1

VB1-14592

Cd34

1

VB1-14193

Mbp

1

VB1-13861

Lmna

1

VB1-3028353

Egr2

1

VB1-18549

IHC. For whole mount imaging, nerve samples were harvested and immediately fixed
in 4% PFA for 1 hour and then transferred to 40% sucrose overnight. Samples were washed in
PBS, blocked, stained, and imaged. For frozen sections, samples were harvested, stored in
PFA/sucrose, and embedded into OCT. 10 micron sections were prepared, blocked in 1% BSA,
stained, and imaged. Antibodies to the following proteins were used: anti-GFP (Invitrogen
A21311), PMP2(ProteinTech 12717-1-AP), MBP (Temecula California MAB386 82-87), btubulin (Aves lab Tuj) and ChAT (EMD Millipore AB144P).
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Data availability. The RiboTag RNA-seq, single cell RNA-seq and single nuclei RNAseq data will be available online in Gene Expression Omnibus (GEO) database before
publication of this study. The glia portal (https://wustlgenetics.shinyapps.io/glia-portal/) will also
be publicly available before publication of this study. For the meantime, reviewers can access
the portal with the following credentials.
E-mail : glia-browse@genetics.wustl.edu

Password : geVnow-regpe0-nunjuw

Code availability. The source code for data analysis and visualization in this study will
be available online at https://github.com/aldrinyim/PNS-glia
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5. Conclusions and Future Directions
In this dissertation, I derived a single nuclei transcriptional profiling approach that
allows us to unbiasedly characterize the cellular composition in peripheral nerves. Through
comparative analysis with CNS neurodegenerative disorders, I have revealed unique
transcriptional identity of PNS macrophages and showed that the PNS resident macrophages
share the same yolk sac origin as the CNS microglia. More importantly, through the sets of
molecular signatures defined in the snRNA-seq data, I am able to define multiple Schwann cell
subtypes and illustrate the differences in terms of metabolic and signaling modules. One
subtype that is marked by the expression of Pmp2, Cldn14 and Adamtsl1 preferentially
ensheath large motor axons and is significantly depleted in motor neuropathy models and
human ALS nerves. The peripheral nerve atlases generated in this study enable us to explore
the peripheral nerve cellular dynamics at unprecedented resolution and I anticipate the findings
in this dissertation will stimulate future discoveries and serve as a valuable resource for
peripheral neuropathy studies.

During development, SC has remarkable plasticity allowing them to meet the needs of
small and large diameter axons by adopting to non-myelin and myelin phenotypes. Given the
variety of axons present in the PNS, the existence of SCs heterogeneity had long been
postulated but has never been demonstrated due to technical limitation. Now with the novel
motor-associated SC subtype being identified, more questions arise regarding the heterogeneity
of SCs. It remains unclear whether other SC subtypes such as Plp1-high and Lmna+ populations
could also be ensheathing a particular set of axons. For instance, the Plp1-high mSCs are more
abundantly present in sural nerves as compare to sciatic nerve, this suggests Plp1-high mSCs
could be associated with myelinated sensory axons and potentially contribute to the sensory
SC phenotype. Future work should be done to investigate the expression of Plp1, as well as
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other potential markers of Plp1-high mSCs such as Slc7a2 and Cdkn1b, in both the sensory
and motor peripheral nerves to determine whether it could be sensory-associated.

The molecular machinery of myelin gene transcription in Schwann cell has been long
studied. Transcription factors such as Sox10, Oc6 and Krox20 has been identified as essential
for myelination to initiate171. However, with the discovery of new SC subtypes, there must be
a more refined transcriptional mechanisms to drive the differentiation of finer SC subtypes.
The motor-associated SCs are morphologically distinct – they ensheath larger axon and
produce thicker myelin, and they also have unique transcriptional signatures such as higher
NAD and pyruvate metabolism. Future work should examine how the motor-associated SCs
attain such phenotypes. As shown in the ALS SOD1G93A mouse model, the maintenance of
motor-associated SCs, or at least the expression of PMP2 itself, depends on the contact with
motor axons. I hypothesize that during radial sorting in development, external cues from the
large axons could have signaled the differentiation of immature SCs into motor-associated SCs.
The external cues could be ligand/receptor pairing between motor axons and SCs, as well as
the distinctive size of the motor axons itself. As snRNA-seq atlases are also generated for motor
neurons172, more extensive cell-cell interaction analysis can be performed with the goal to
identify potential signaling pathways that could induce the differentiation of motor-associated
SCs.

It is also possible that the motor-associated SC phenotype are attained at later stage
post-natal, as the motor axons gradually requires more nutritional support for the mSCs
ensheathing them. This hypothesis can be further examined by using the Ldha/b SC-KO model.
By blocking the conversion of pyruvate to lactate in SCs, the mice were born normal and began
to exhibit motor function impairing at 3 months of age. Time-series study on the presence of
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motor-associated SCs in Ldha/b SC-KO model can reveal whether the nutritional supporting
role is required for the maintenance of motor-associated SC identity. Future work is also needed
to decipher the transcriptional mechanisms needed for the expression of motor-associated
marker genes. As the motor-associated SC seems to be present in human nerves in a similar
fashion, transcription factors (TFs) that regulates the expression of these genes can be identified
by comparing the promoter regions across species. To increase the data resolution, we can
perform single nuclei ATAC-seq on the peripheral nerves and identify open chromatin region
within the promotor regions of the motor-associated SC genes. The identification of TFs that
governs the motor-associated SC phenotype could provide novel insights in the SC myelination
process and could be potential therapeutic target for motor neuropathies.

The cellular composition of the peripheral nerve is complex, with over 20 different cell
types identified in a seemingly simple structure. The abundance of each cell type varies across
nerve types depending on the biological functions – motor, sensory or autonomic. SCs
effectively cover the surface of all axons in peripheral nerves and the molecular mechanisms
of axon-Schwann cell interaction have been extensively characterized. However, its interaction
with other cell types remains unclear, such as how SCs are utilizing the antigen presenting
function and how they could regulate immune response when needed. Hartlehnert et al has
shown that in a chronic constriction injury mouse model, by deleting MHC-II in mSCs, there
is a reduction of thermal hyperalgesia and diminished neuropathic pain in mice17. PNS
macrophages, as identified in our studies, also requires IL34 for seeding and maintenance of
the PNS macrophage niche in peripheral nerves; more importantly, through RNA-FISH
experiments I was able to identify the source of IL34 in peripheral nerves comes from mSCs.
In the absence of IL34, PNS macrophages in SN showed increased surface marker expression
of CD45 and CD11b, suggesting a gradual decline of microglia characteristics. These results
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suggest that SC must play an active role in regulating the immune microenvironment in
peripheral nerves, yet it is still unknown on whether SC exert a direct effect in maintaining the
immune populations, or signal through the auxiliary cell types such as the endoneurial
fibroblasts or blood endothelial cells within the nerves. Future single nuclei profiling
experiments should be performed to unbiasedly profile SC populations in injured nerve and
examine the cellular dynamics under perturbed conditions.

As the principal PNS glia, SCs have an indispensable role in maintaining axonal
growth, structure, function, survival and regeneration process. The onset of certain peripheral
neuropathy, such as the Charcot-Marie Tooth syndrome, is usually caused by the perturbation
of SC’s structural or metabolic functions. With the maturation of gene therapy173, numerous
studies with the goal to cure peripheral neuropathies have targeted SCs for genetic
modifications. The success of the studies is highly dependent on the specificity of AAV or the
promotor used in the vector. To tackle CMT1A, Gautier et al. has relied solely on the specificity
of the AAV and proposed using intra-nerve delivery of AAV2/9 with the expression of small
hairpin inhibitory RNA (shRNA) to silence the expression of PMP22174. Gjb1 (also known as
Connexin32) mutation will cause X-linked CMT disease (CMTX) and is a common form of
inherited demyelinating peripheral neuropathy with mostly motor function affected175. A more
recent study in 2021 from Kagiava et al has developed a gene therapy approach to achieve
targeted GJB1 gene expression in Schwann cells with a Mpz promotor through AAV9176.
While promising results have been demonstrated, off-target effect is still unknown and may
contribute to severe outcomes. In light of precision medicine, the peripheral nerve atlases
identified in this dissertation can be used to define specific promotor regions for different SC
subtypes and to guide the design of AAV vectors. Future work should be done to allow specific
SC subtype targeting, such as motor-associated SCs, in peripheral nerves through AAV.
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In summary, because of the advanced technological breakthrough, there is a vast array
of resource contributing to the understanding of the cellular composition and dynamics of PNS
in the past few years, such as single cell profiling of dorsal root ganglion and sciatic nerve, as
well as an in-depth profiling of neuro-muscular junction at the Achilles tendons. With the
resources I have generated, I am able to identify new SC and macrophage markers and unlock
unprecedented genetic access to these important cells in the peripheral nerves. Defining the
transcriptomes of distinct SC types opens the door for new investigation in the glial research
and introduces the possibility of engineering of more refined therapeutic options for peripheral
neuropathies.
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